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1 General introduction
1.1 Survey
This dissertation reports an experimental investigation of the magnetic properties of a
group of low-dimensional vanadium oxides in which the magnetic moments are arranged in
chains or layers leading to spatially anisotropic exchange interactions. The study focuses
on compounds which were already known, but where only very preliminary or no physical
studies at all were hitherto reported. At the same time, these materials possessed struc-
tural characteristics with a big potential for giving rise to interesting magnetic properties.
These studies are complemented with our own search for new low dimensional vanadium
compounds with interesting, novel or exotic magnetic properties. Some new vanadium
oxides and phosphates were obtained along this search, two of them representing a new
kind of magnetic system.
This experimental investigation embraces both a chemical and a physical part because
we performed all the steps from the synthesis to the physical measurements (and cor-
responding data analysis) of polycrystalline or single-crystal samples. In the chemical
part our objective was to synthesize good-quality, pure polycrystalline samples and to
develop an efficient technique for growing single crystals large enough for being used in
physical measurements. All the results presented in this work were obtained on samples
synthesized in our laboratories by the author.
The physical investigation consisted in the measurement and analysis of the magnetic
susceptibility, χ(T) and specific heat Cp(T). We tried to correlate the observed mag-
netic properties with the spin lattice and chemical structure of the material under study.
The temperature and field dependence of χ(T) and Cp(T) is determined by the kind of
magnetic interactions present in the compound as well as on the characteristics of the
magnetic lattice (like spin and lattice dimensionality, the structure of the magnetic lat-
tice, the properties of the magnetic ion, etc). Therefore, they are efficient tools not only
for performing a first characterization of the magnetic behaviour but also for drawing a
rather accurate picture of the kind of magnetic lattice and the strength of the magnetic
interactions present in the material, even when only polycrystalline data is available. It
should be noted that it is necessary to study both properties together in order to avoid
a misinterpretation of the data. The measurement of either χ(T) or Cp(T) alone is gen-
erally not enough for uniquely determining the kind of magnetic system present in the
compound because both properties may be similarly well fitted with models corresponding
to different magnetic systems. Instead, two different models will hardly show a similar
behaviour in χ(T) and Cp(T) at the same time. These properties have also the advantage
1
1 General introduction
of not requiring big-size single crystals, which are usually not available at the initial stages
of the investigation of a new material.
For the analysis of χ(T) and Cp(T) we rely on theoretical models from which the
main parameters of the magnetic system could be obtained by data fitting. For the most
simple systems (like one-dimensional chains or two-dimensional square lattices) rather
well investigated models are available in the literature. However, for some of the studied
materials no theoretical models were at hand. This lack of suitable models for describing
the thermodynamic properties of these novel magnetic lattices motivated new theoretical
studies. These theoretical investigations were performed by several researchers, especially
Dr. N. Shannon, Dr. B. Schmidt, Dr. H. Rosner, Dr. V. Yushankhai, Dr. P. Thalmaier
and Dr. K. Penc in close interaction with us, being mostly carried out in the theory group
of our institute or in the neighboring Max-Planck Institut für Physik Komplexer Systeme.
As remarkable results of these investigations we may mention here the first calculation of
the finite temperature properties[1] for the frustrated square lattice system (the J1 − J2
model) including the possibility of ferromagnetic interactions. These results as well as
the first high temperature series expansion[2] of χ(T) and Cp(T) for this model, were of
crucial importance for the analysis of the experimental data presented in chapter 6 of this
dissertation. Our results from χ(T) and Cp(T) measurements were also complemented
with single crystal ESR measurements and LDA calculations in the case of Sr2V3O9,
presented in chapter 7. The ESR measurements were performed by Dr. J. Sichelschmidt
(and coworkers) while the LDA calculations were carried out by Dr. H. Rosner, both in
the frame of intra-institute research collaborations.
The research on transition metal oxides is one of the central fields of solid state physics
since many decades. Our interest in vanadium-containing compounds originates in the
impressive variety of physical phenomena observed in these materials as well as in the
very promising potential for practical applications that some of them show. Moreover,
vanadium oxides have played a very important role in the study of strongly correlated
electron systems, being well known for displaying unusual structural and magnetic prop-
erties. This is mainly due to the variety of bonding patterns (resulting in octahedral,
tetrahedral, trigonal and square pyramidal coordinations) that vanadium ions can exhibit
and that often different vanadium oxidation states are possible in the same compound.
In this investigation, we restricted our study to compounds in which the magnetic centers
were V4+ ions (S = 1/2) because the lowest the spin value the strongest quantum fluc-
tuations are expected to be. V4+ normally presents a well defined orbital ground state,
a spin only magnetism, a weak spin-orbit coupling as well as poor electric conductivity.
These characteristics greatly simplify the analysis of the magnetic properties allowing
for a clearer separation of the effects due to the magnetic system from other effects like
e.g. charge or orbital order. The extremely rich coordination and structural chemistry
of this ion allow for the realization of the more diverse structures and magnetic lattices.
The case of V4+ containing oxides is also rather special because they are the electronic
counterpart of Cu2+ compounds (which possess one 3d hole). In the context of the study
of the high-temperature superconductivity this relation has generated strong interest in
V4+ oxides possessing structures similar to those of the cuprates superconductors. More-
over, some V4+ compounds are actually metallic, but only recently superconductivity was
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reported on them when Yamauchi et al.[3, 4] observed a transition towards a supercon-
ductive state in the β(β′)-vanadium bronzes[5–8] β-Na0.33V2O5 and β′-Cu0.65V2O5 under
hydrostatic pressure (Tc = 8 K at P = 8 GPa and 6 K at 3 GPa respectively).
Vanadium oxides containing VO5 pyramids have recently attracted considerable inter-
est in the context of low dimensional spin systems. A remarkable example is CaV24O9,
which is the first realization of a two-dimensional spin-plaquette system presenting a sin-
glet ground state and a spin-gap in the magnetic excitation spectrum. The vanadium
oxides A2+,1+V2O5 have also been extensively studied because they show various kinds
of quantum spin phenomena such as the spin-gap formation in the ladder compound
CaV2O5[9, 10] and in the quarter-filled ladder compound[11] α′-NaV2O5 as well as the
pure one-dimensional chain behaviour observed in LiV2O5[12] and the dimer like one
in CsV2O5[12]. Especially α′-NaV2O5[13–18] has deserved strong interest[19] because it
presents a yet not fully understood phase transition where charge ordering is connected
with the formation of a huge spin gap.
Other examples of interesting vanadium based compounds are the binary vanadium
oxides which have a variety of structural and electromagnetic properties. One of the
most remarkable features is the metal-insulator (MI)[20–24] transition observed in most of
them[25, 26]. Indeed, these compounds have been the core materials in the study of highly
correlated electronic system for decades[25], until the discovery of heavy fermion systems
and high-temperature superconductors. Important examples are the MI transitions in
VO, VO2 and V2O3[27] and the unusual orbital and spin ordering in the latter[28–31]
(which has served as a prototype for the Mott-Hubbard model). Moreover, in the case of
the binary vanadium oxides with mixed valences, these MI transitions are accompanied
by charge separation and charge order[32, 33].
As further cases of physically interesting vanadium oxides we can mention Na2V3O7[34],
K2V3O8[35], LiV2O4[36–51] (member of the V3+-V4+ spinel vanadates[52–56]) and the
vanadium perovskite compounds[57–64] (whose study was strongly motivated by their
similarity to superconducting cuprate perovskites). The former is a new vanadium bronze
in which V4+O5 pyramids share edges and corners to form nanotubes, being the first exam-
ple of transition-metal-oxide nanotubes obtained by solid state reaction. From a magnetic
point of view, this structure provides also the first example of an S = 1/2 ladder-like sys-
tem with periodic boundary conditions in the rung direction[65–68]. K2V3O8 possesses a
two-dimensional antiferromagnetic lattice which in the ordered state evidences a marked
weak-ferromagnetic behaviour with unusual field-induced spin reorientations. LiV2O4
has attracted considerable attention because it was found to be the first heavy-fermion
transition-metal compound.
Independently of the importance of vanadium compounds for fundamental research,
these materials are also extensively studied because of their interesting redox, electro-
chemical, catalytic, electric or magnetic properties for technological applications. Among
these applications, the use of vanadium compounds in rechargeable batteries as cathode
material is of remarkable present interest[69–82]. A new battery system under devel-
opment is the vanadium redox-flow battery[83] for the use as a high-power electricity-
storage media[84, 85]. Also, some vanadium compounds, BiVO4[86] and InVO4[87–89],
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are very promising photocatalysts for decomposing water into H2 and O2 using only so-
lar energy[90–97]. Similarly to some vanadium oxides, some vanadium phosphates offer
important catalytic capacities[98] as, for instance, in the mild oxidation of hydrocar-
bons by (VO)2P2O7, which is able to directly transform butane into valuable maleic
anhydride[99, 100]. Vanadium compounds are also relevant in other rapidly growing tech-
nological fields of scientific interest and industrial applications[101] as are the nanoporous
or nanostructured materials. Recently, vanadosilicates[102, 103] with open framework
and microporous structures showing good thermal stability, absorption and ion-exchange
properties were reported. Also, the first vanadogermanantes[104] cluster ions have been
found. Recently, there were reports of giant voids (13 Å in diameter) in hydrated vana-
dium phosphates formed by VO5 square-pyramids and PO4 tetrahedra[105–107] which
possess one of the lowest reported framework densities and some of the largest cavities ob-
served so far. Among nanostructures, the tubular form is particularly attractive, in 1998,
Spahr et al.[108] obtained nanotubes formed by crystalline VOx layers which were the first
prepared and characterized redox-active transition metal oxide nanotubes[109], which pre-
sented also interesting electrochemical[110] and ion-exchange[111] properties. As another
example of promising application we have the semiconductor to metal phase transition of
VO2[112] at ∼ 68◦C, which falls in a convenient temperature range close to room tempera-
ture. On cooling through this phase transition the electrical and optical properties of VO2
undergo significant and abrupt changes. The metallic properties of the high-temperature
phase strongly enhance the reflection of incident light at near-infrared frequencies, while
the low temperature phase is a narrow band-gap semiconductor with a relatively high
transparency in the same spectral region. This makes of VO2 a very good candidate for
a wide variety of technological applications such as thermocromic coatings[113], optical
and holographic storage[114, 115], fiber-optical switching devices[116], laser scanners[117]
and ultrafast optical switching[118–122].
Vanadium is also extremely important in biology[123] since it may be beneficial and
possibly essential in humans, while it is certainly essential for some living organisms[124,
125] since it brings key reactivity to a reaction center in some proteins[126]. Also, many
vanadium organic complexes are being investigated for their important catalytic properties
in oxidative reactions[127].
1.2 Outline
This dissertation consists of eight chapters, an appendix and bibliography. The first
four chapters are devoted to introductory concepts while the next three ones are dedicated
to the presentation of the results of our investigation. The last chapter summarizes the
main conclusions presented in this dissertation and an appendix contains a summary of
the chemical reactions (and their conditions) performed in order to obtain the compounds
studied here or their precursors. Each of the three chapters covering physical results is
independent of the others and introduces the specific concepts related to the subject
treated in the chapter.
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1.3 What has not been included in this dissertation
In this first chapter we give a general survey and an outline of the structure of this
dissertation. Then, in the next chapter, the important relation between coordination and
valence state of the vanadium ion in oxides will be described together with the crystal-
field effects exerted by a distorted octahedral or pyramidal coordination on a V4+ ion.
In that chapter special attention shall be paid to the consequences of the vandayl bond
formation for the electronic structure of V4+. In the next chapter we describe the synthesis
procedure of both polycrystalline and single-crystal samples. The fourth chapter presents
an outline of the devices and techniques utilized for the experimental measurements.
The presentation of our results begins with Chapter 5. This chapter is dedicated
to Pb2V5O12, a new two-dimensional compound which was found during our search for
new vanadium material. It is characterized by a new type of two-dimensional magnetic
lattice. The next chapter focuses on the magnetic properties of the new vanadium-
phosphate Pb2VO(PO4)2 (also discovered during this research) and the related compounds
BaZnVO(PO4)2, SrZnVO(PO4)2, Li2VOSiO4 and Li2VOGeO4 whose magnetic moments
forms two-dimensional frustrated square-lattices. One of the most important results of
this work was the determination that Pb2VO(PO4)2, BaZnVO(PO4)2 and SrZnVO(PO4)2
are the first experimental examples of ferromagnetic square-lattices frustrated through an
antiferromagnetic diagonal interaction.
Finally, in chapter 7, our investigations of three structurally quasi-one-dimensional
compounds, Sr2V3O9, Ba2V3O9 and Sr2VO(PO4)2 are presented. The first two present
rather similar magnetic properties concerning the dimensionality of the magnetic lattice
and the magnitude of the magnetic interactions, despite their very different structures.
In contrast, the study of Sr2VO(PO4)2 showed that the substitution of V5+ for P5+ give
rise to markedly different magnetic properties with exchange interactions one order of
magnitude weaker than in Sr2V3O9 and the magnetic lattice being now two-dimensional.
1.3 What has not been included in this dissertation
During this doctoral work more investigations on further magnetic vanadium com-
pounds were performed in addition to those presented here. However, due to either lack
of space or the fact that in some cases the investigation did not exceed the status of a
preliminary study they were not included in this dissertation.
To these further studies belongs an investigation of the magnetic properties of MgVO3,
which was the first experimental research on vanadates performed by the author. Unfor-
tunately, inherent difficulties in the synthesis of good quality polycrystalline samples as
well as in the growth of single crystals led to non-reproducible results and thus we directed
our research efforts towards other compounds. Motivated by the lack of vanadium oxides
in the system Na–Mg–V–O with the only exception of the 5+ compound NaMg4(VO3)4
we performed synthesis attempts in order to obtain new compounds (but magnetic ones)
in this system, but they were largely unsuccessful. Nevertheless, these preliminary studies
showed that some unknown compounds may exists in that system. Later investigations
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carried on by R. V. Shpanchenko and coworkers at the University of Moscow in this system
have lead to the identification of the compound NaMgV2O6.
On the other hand, when we investigated the compound Sr2V3O9 we also synthesized
and performed preliminary measurements of Pb2V3O9, but this compound was hard to
synthesize in pure form which lead to non-reproducible magnetic properties. Later, as
part of the investigations on Sr2V3O9 and Ba2V3O9 we tentatively study the intermediate
compositions Sr2−xBaxV3O9 for x = 0.1, 0.2, 0.3, 0.5, 1 and 1.5 and Sr2−xCaxV3O9 with
x = 0.1, 0.2 and 0.3. We found the Sr2V3O9 structure to be kept up to a x value between
0.5 and 1, because SrBaV3O9 was observed to crystallize in the Ba2V3O9 structure. Since
the samples were of low quality we performed only preliminary magnetic measurements
finding some changes with respect to the χ(T) of Sr2V3O9, but they were not clearly
systematic.
We further did not include our investigations in the vanadyl vanadates and phosphates
Na2A2+VO(MO4)2 with A2+ = Sr, Ca and M = V5+ or P5+[128, 129], as well as in the re-
lated compound Na4VO(PO4)2[130]. These materials were studied in strong collaboration
with R. V. Shpanchenko and coworkers who proposed these compositions as a possible
way to increase the separation between chains in the Sr2V3O9 structure lowering thus the
dimensionality of the magnetic lattice. Shpanchenko et al. synthesized the samples and
determined the structures, while we performed the physical study of these materials.
Finally, we also investigated two Cu2+ compounds. These investigations were not part
of the main project of this doctoral work, but originated from a research collaboration
with Dr. P. Lemmens and coworkers. We performed χ(T) and specific heat measurements
of polycrystalline samples of Cu2Te2O5Cl5 and Cu2Te2O5Br5[131] which are composed of
tetrahedral clusters of Cu2+ linked forming chains. These thermodynamic measurements
were crucial for determining the magnetic ground state of these materials.
6
2 Introduction to vanadium and its properties
In this chapter we will present the main properties of vanadium in oxides. We shall
focus on the V4+ oxidation state, for which the electronic structure and its consequences
for the physical properties will be discussed. An overview of the several coordination
states of vanadium in oxides and its dependence on the actual valence of the vanadium
ion is also included.
2.1 Introduction
In this work we focused our research on inorganic compounds with only one magnetic
cation, V4+, which possesses one S = 1/2 unpaired electron in a 3d1 state. We studied
vanadium oxides, phosphates, silicates and germanates in which the magnetic V+4 ions
are arranged in low dimensional structures, either quasi-one-dimensional (chapter 7) or
quasi-two-dimensional systems (chapters 5 and 6).
When two magnetic V4+ ions are situated close to each other in a crystal lattice,
magnetic interactions may take place among the magnetic moments of these ions. Usually
these interactions might be of the direct exchange and superexchange type. Since the
compounds we studied in this work are all insulators we do not need to consider the
indirect exchange due to conduction-carriers-mediated interactions (also called RKKY).
In the direct exchange the magnetic ions interact through direct overlap of their electronic
d-orbitals (V4+–V4+) while in the superexchange the interactions are mediated either by an
intermediate oxygen ion (V4+–O–V4+) or by more complicated exchange paths involving
other non-magnetic groups (for instance V4+–O· · ·O–V4+ or V4+–O· · ·V5+ · · ·O–V4+).
The later case is also called by some authors[132] super-super-exchange because of the
many intermediate ions (or groups) involved. But, in this work, we shall call this magnetic
interaction simply superexchange.
The coupling between the spins is in general described by means of a spin Hamiltonian,
H which expresses the result of the fundamental electromagnetic interactions between the
unpaired electrons of the ions in question. The results of our magnetic susceptibility and
specific heat experiments were analyzed mostly in terms of a Heisenberg spin Hamiltonian.
It is written as a sum of bilinear isotropic spin exchange interactions JijSi.Sj between ad-
jacent spin sites i and j. Here, Si and Sj are the spin operators at the sites i and j,
respectively, and Jij are the spin exchange parameters. Thus in analyzing experimental
results in terms of H, a particular set of spin exchange parameters Jij including differ-
ent ij-pairs are considered to be numerical fitting parameters which should reproduce
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the experimental results. To explain the spatial ij-dependence and the values of these
experimental Jij parameters, close inspection of different spin exchange paths is required
(which is far from been a trivial problem). It may happen, for instance, that more than
one set of Jij values lead to an equally acceptable fitting. In that case, a good knowledge
of the properties and characteristics of the V4+ ions and its ionic surrounding are of crucial
importance in order to discriminate the meaningful set of spin exchange parameters.
In general, the signs and values of spin exchange interactions depend on the elec-
tronic structures and geometry of the spin exchange paths. For simple geometries, qual-
itative relationships were first developed by Goodenough[133, 134], and extended by
Kanamori[135]. On the basis of electronic structure with strong electron correlations,
Anderson[136, 137] developed a theoretical foundation for calculating bilinear isotropic
spin exchange constants. However, certain physical phenomena of magnetic solids are
not explained in terms of isotropic spin exchange interactions alone. To explain these
phenomena, Moriya[138] proposed a theoretical scheme allowing to estimate antisymmet-
ric and anisotropic exchange interactions between the spins. A more general treatment
of isotropic, antisymmetric and anisotropic interactions was given by Erdös[139]. Some
compounds have negligible antisymmetric and anisotropic interactions but their magnetic
properties are not well explained in terms of bilinear isotropic interactions alone. For such
instances it was found necessary to include biquadratic interactions between spins[140].
A general description of biquadratic interactions was given by Griffith[141].
A large number of studies[142–147] have investigated how isotropic spin exchange in-
teractions described by Heisenberg Hamiltonians are related to the electronic structure of
magnetic compounds. Thanks to these studies, it is now possible to think about exchange
and superexchange interactions in terms of qualitative chemical concepts such as overlap
and orbital interaction[142, 143]. They also made it possible to calculate quantitatively
the strengths of spin exchange interactions using electronic structure computations on the
basis of either the configuration interaction many-electron wave function or the density
functional theory (DFT) method[148–157].
The relative strengths of the superexchange interactions can be estimated by using
Goodenough-Kanamori rules[158] in terms of the angle sustained in the V4+–O–V4+ bond
and the symmetry properties of the vanadium d orbitals containing the unpaired spins.
Unfortunately, up to now there have been no such qualitative rules for predicting the
magnitude and sign of superexchange interactions through more complicated paths. For
this reason, long superexchange interaction paths across intermediate groups have often
been neglected in favor of more direct and short (but finally incorrect) superexchange
paths. Therefore, it is essential to assign a spin model to a given magnetic solid with the
help of appropriate electronic structure considerations because in some cases a longer-path
superexchange interaction through non-magnetic groups can be even stronger than more
obvious direct superexchange interactions.
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2.2 The vanadium element
The discovery of the vanadium element was made by A. M. del Rio in 1801. Later, in
1830 the element was rediscovered by N. G. Sefström who was the first to call it vanadium
(after Vanadis, the Scandinavian goddess of the beauty) because of the colour richness
found in its compounds. The abundance of vanadium has been estimated to 0.0136% of
the earth’s crustal rocks which makes it the nineteenth element in order of abundance. It
is the fifth most abundant transition metal after Fe, Ti, Mn and Zr. It is widely, though
sparsely, distributed since there are few concentrated deposits and most of the vanadium
is obtained as a co-product along with other materials. More than 60 vanadium minerals
are known.
2.3 Vanadium oxides chemistry
The richness of vanadium-oxide chemistry is due to the wide range of oxidation states
and coordination polyhedra that vanadium exhibits. Vanadium shows formal oxidation
states from 5+ to 3- but in oxides it is often found in the oxidation states 5+, 4+, 3+
and even 2+ (in this last case the oxides are usually unstable and further oxidise fast in
air). In contrast, its neighbors in the periodic table Ti and Cr are most commonly found
with a more restricted range of oxidation states: 4+ and 3+, 3+ and 6+, respectively.
Similarly, the typical coordination is octahedral for Ti, Cr, and even for Mn, in higher
oxidation states, whereas the vanadium coordination polyhedra vary from tetrahedron
through trigonal bipyramidal to distorted and regular octahedra.
In the remainder of this introductory chapter we will first describe in more detail the
vanadium ion in the several oxidation states in which it occurs in oxides. Then, we shall
perform a detailed presentation of very rich coordination chemistry of vanadium in oxides
and its connection with the valence state. Next, we will introduce how the vanadium
orbitals are split-off in some typical coordinations due to the crystal field of surrounding
oxygen anions. The analysis of the electronic structure arising from the crystal-field
splitting shall be restricted to the 4+ valence state.
2.3.1 The vanadium valence states and the vanadyl VO2+ ion
The outermost electronic shell of vanadium is composed by two 4s and three 3d elec-
trons. When forming compounds (and specially oxides) the 4s electrons are involved in
the chemical bond as well as some (or all) of the 3d electrons, depending on the actual
oxidation state of vanadium. 5+ is the fully oxidised state in which all the available elec-
trons outside the core (Argon) takes part on the chemical bonding and thus no unbounded
electrons are present. The next valence states on oxides are the 4+, 3+ and 2+ in which
one, two and three (thus all) the 3d electrons are not shared with the surrounding ions in
the chemical bond. These non-shared electrons in the less than half-filled 3d orbital are
the source of magnetism in the vanadium compounds.
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A vanadyl bond is defined[159] as a vanadium–oxygen bond having a short length
(in the range of 1.57–1.68 Å) in comparison to the other V–O bond lengths involved in
the coordination sphere of vanadium (typically ∼ 2 Å). Thus this vanadyl bond is (at
least) about 0.4 Å shorter than the other V–O bonds. It is a multiple bond with a π-
component arising from electron transfering from O(pπ) to V(dπ) orbitals. There can
be two vanadyl bonds in a polyhedron but in this case they are in a perpendicular, or
close to perpendicular, mutual orientation[160] and the vanadium valence can only be 5+.
The vanadyl bond is very strong, as evidenced by a high absorption frequency in infrared
measurements (of the order of 950 cm−1).
The main characteristics of vanadium in its several oxidation states are the following:
• V3+: It has the configuration [Ar]3d2 (S = 1) and occurs mainly in octahedral coo-
ordination. In this oxidation state no vanadyl bonds are formed and the octahedra
are regular with the vanadium ion placed at the exact center of the octahedron.
• V4+: Among the vanadium oxidation states the most stable one under normal con-
ditions is 4+ with electronic configuration [Ar]3d1 (S = 1/2). This oxidation state is
notable for the stable VO2+ ion (called vanadyl) which retains its identity through-
out a wide variety of reactions and forms many complexes. This ion dominates the
V4+ chemistry since it is present in about 98% of the solid compounds and in all
the aqueous solutions of V4+. Indeed, it is probably the most stable diatomic ion
known. VO2+ forms stable compounds bounded to F (specially), Cl, O and N in
the solid state and in solution, bringing the total coordination number of vanadium
to five or six.
• V5+: It has the electronic configuration [Ar]3d0 (S = 0) and forms different kinds
of coordination polyhedra embracing the tetrahedral, trigonal bypiramidal, square
pyramidal and distorted octahedral ones. Minerals containing V5+ are almost always
colored even though they have no d electrons. Interactions with other transition
metals, minor amounts of V4+, and charge transfer bands can cause a broad range
of colors from red through brown, orange to yellow and green. In five and six
coordinated V5+ both one and two strong vanadyl bonds are possible, being more
frequent the second possibility.
2.3.2 Coordination polyhedra of vanadium in inorganic oxides
The coordination polyhedra of vanadium in oxides correlates with its oxidation state
in a rather complicated way (fig. 2.1). A given valence state can have more than one
coordination and, at the same time, a given coordination in many cases is not exclusive of
a valence state. Below we summarize the coordination polyhedra observed in vanadium
oxides and relate them to the oxidation state of the vanadium ion. This description is
based in the excellent structural reviews of Zavalij et al.[161], Schindler et al.[162] and
Boudin et al.[163].
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Figure 2.1: Coordination polyhedra, found in oxides, of vanadium in its different valence
states.
• Tetrahedron: the vanadium tetrahedron is usually more or less regular with V–O
distances in the range between 1.6 Å and 1.8 Å, depending on the oxygen coordi-
nation. Normally two of these bonds are slightly shorter than the other two being
identified as a pair of vanadyl bonds. The oxidation state of tetrahedral vanadium
is always 5+ and any attempts to change it result in dramatic structural changes.
The combination of V5+ tetrahedra with other polyhedra may lead to interesting
low dimensional structures.
• Trigonal bipyramid: It can be derived from the tetrahedron by adding a fifth
oxygen ion opposite to any face and simultaneously moving the vanadium ion to
the center of this face. Vanadium in trigonal bipyramidal coordination is more
frequently found in a V5+ state, in this case it has two short V=O bonds within
the pyramid base. V4+ can be also found in this coordination but it is less frequent
being characterized by only one vanadyl bond. These short vanadyl bonds are in
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the range 1.55–1.75 Å, while the other bonds are of the order of 1.9 Å.
• Square pyramid: The square pyramid differs from the trigonal bypiramidal co-
ordination in that four oxygen ions lie co-planar or almost co-planar (at a V–O
distance of 1.9–2.1 Å), whereas the fifth double-bonded oxygen ion (V=O distance
of 1.55–1.75 Å) occupies the apex of the pyramid. The vanadium oxidation state in
this coordination can be either 5+ or 4+ as in the trigonal bipyramidal, but V5+
presents usually two vanadyl bonds.
The possibility of having two distinct valence states in a practically identical co-
ordination polyhedra allows to synthesize mixed-valent compounds whose average
valence can be continuously shifted from 5+ to 4+. This was successfully done (for
instance) in the system Na1−xA2+x V2O5 by the chemical substitution of Na
1+ for
A2+ ions like Ca, Mg, Zn, etc.
• Distorted octahedron: Adding one more oxygen ion on the base of a square
pyramid converts it into a distorted octahedron. The peculiar feature of this poly-
hedron is that the short V=O vanadyl bond remains almost without changes and
the additional oxygen moves into a position opposite to it forming a weak V· · ·O
bond (essentially a σ-bond with the vanadium 4pz orbital[164]) whose length is of
2.1 Å or more. A problem arises here for discerning a square pyramid from an ex-
tremely distorted octahedron. This can be formulated also as the question "how
weak can the new bond be, or, in geometrical terms, how far can the additional
oxygen ion be placed from the vanadium cation and still be considered as bonded?"
A statistical and geometrical analysis of the structures[162], shows that most often
the V· · ·O distance lies between 2.2 and 2.35 Å. However, some authors argue that a
trans oxygen can be considered as bounded to the V4+ ion up to a distance of 2.6 Å.
This last value is taken as the upper limit for a weak V· · ·O bond. The vanadium
valence state in distorted octahedrons is normally 4+ but some 5+ compounds have
been reported. In these materials there are two clear vanadyl bonds in the octa-
hedra when the valence of vanadium is purely 5+. As examples of this case we
can mention the phosphates A2+VO2PO4 (with A being Ba, Sr[165] and Pb[166]),
Li2VPO6[167], CdVO2(H2O)PO4[168] and Ag2VO2PO4[169]. Octahedra containing
V5+ but only one vanadyl bond were observed (as far as we know) only in mixed-
valent 5+–4+ compounds as Na0.5VOPO4(H2O)2 and K0.5VOPO4(H2O)1.5[170] or
the similar cuprates Cu0.5VOPO4(H2O)2 and Cu0.5(OH)0.5VOPO4(H2O)2[171]. In
V5+ octahedra two vanadyl bonds generate a distribution of bond lengths composed
by two short vanadyl, two equatorial and two trans bonds.
• Regular octahedron: In the case of the vanadium oxidation states 3+ and 2+ the
coordination polyhedra is the regular octahedral one, the typical coordination of 3d
transition metals in low oxidation states. In this coordination, all the V–O bonds
become equal or almost equal with lengths between 1.9 and 2.1 Å. In such highly
symmetric cubic ligand field, the unpaired d electrons occupy the degenerated t2g
triplet being responsible for the magnetic and optical properties of V3+ compounds.
V4+ can also be coordinated by a regular octahedron formed by oxygen ions. This
case is quite unusual for this valence state since it implies that there is no observable
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vanadyl bond. This coordination is found in highly symmetric structures as those
of the Srn+1VnO3n+1[58, 172] and CaVO3[64, 173] perovskites as well as in the
hexagonal BaVO3[57, 174].
In order to identify the valence of vanadium in five-fold and six-fold coordination, the
bond-valence sum can be calculated (using the curves of Brown and Altermatt[175] or
Bresse and O’Keeffe[176]). However, the V–O bond length distributions are also char-
acteristics of the valence state of vanadium since two vanadyl bonds occur only in V5+
polyhedra and the equatorial bond lengths in polyhedra with one vanadyl bond are dif-
ferent in the 5+ and 4+ states. In average, the bonds are about 0.1 Å larger in V4+
polyhedra. It was concluded[162] that the equatorial bond lengths reflects the difference
in oxidation state of the vanadium cation, while the vanadyl and trans bonds do not.
2.4 The electronic structure of V4+ in regular and
distorted octahedral coordinations
A good characterization of the electronic state of the vanadium ion in the oxidation
states lower than 5+ is a prerequisite for understanding the magnetic properties of vana-
dium oxides. It is specially important to know how the d orbitals of the vanadium ion
split into different energy levels under the influence of the anionic environment. Actually,
the starting point for discussing exchange and superexchange magnetic interactions is the
identification of the orbitals in which the unbounded d electrons are placed.
In general sense, vanadium oxides fall into the category of ionic crystals characterized
by charge transfer between the different types of atoms which then becomes electro-
statically charged. As a result, positively charged vanadium ions and negatively charged
oxygen ions attract each other by the electrostatic force. Within the environment of other
ions, the electronic states of the vanadium free ion are modified by the non-spherical elec-
tric field generated by the surrounding ions, the so-called crystal field. Since the positively
charged vanadium is surrounded by negatively charged oxygen ions the effect of the crys-
tal field is to repel the unbounded 3d electrons. Therefore, in this simple view, the crystal
field is regarded as composed of an array of negative point charges which generates a
potential energy that is treated as a perturbation to the free-ion Hamiltonian. This ex-
tremely simple picture is the central idea of the Crystal-Field Theory (CFT), which has
a long history since its most important features were already recognized[177–181] in the
thirties. This purely electrostatic model for the crystal field is an approximation that does
not take into account the possible direct overlap of the vanadium orbitals with those of
the surrounding oxygen ions. However, the splitting of the energy d-levels is determined
by the symmetry of the anionic array around the transition metal ion, thus the results
obtained using the electrostatic approximation are valid provided the parameters of the
electrostatic field are carefully adjusted.
In the 3d transition elements the crystal field effect is larger than the spin-orbit coupling
∼ λL.S. Therefore, the 2L + 1 degenerate d energy levels split into several groups under
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the influence of the crystal field. The LS coupling should then be taken into account
perturbatively within each group.
2.4.1 Splitting of d orbitals in octahedral symmetry
Figure 2.2: Angular forms of the d orbitals belonging to the eg (above) and t2g (below)
multiplets.
The most symmetric crystal field (cubic) found in vanadium compounds is the regular
octahedral one. The six point charges in an octahedral array are usually placed along the
positive and negative x, y and z axes to which these d orbitals are referred. The set of five
d orbitals share a common radial part on the wave functions, while the angular parts are
different and are shown in figure 2.2. In the presence of the surrounding negative charges,
all d orbitals are raised in energy and separate in two groups in octahedral symmetry.
Since the dz2 and dx2−y2 orbitals are directed exactly towards the negative point charges
of the oxygen ions while the dxy, dxz and dyz lobes lie between the axes, an electron placed
in the dxy orbital (for instance) will be less repelled by the crystal field than one placed in
the dx2−y2. In a perfectly regular octahedral crystal field the orbitals dxy, dxz and dyz will
be degenerated as well as the dz2 and dx2−y2 ones. The dz2 and dx2−y2 pair are labeled eg
whereas the dxy, dxz and dyz triplet as t2g according to their symmetry properties.
Since spectroscopic and most other d electron properties are concerned with relative
energies, or splittings, rather than with absolute energies, a more usual representation of
the crystal field effect upon the d orbitals is to draw the energy level with respect to the
mean energy of the whole d orbital set. Thus, if the splitting between eg and t2g subsets of
orbitals is labelled ∆oct, the higher doublet lie at an energy +0.6∆oct and the lower triplet
at -0.4∆oct. The magnitude of ∆oct measures the strength of the crystal field. Simple
theory predicts that ∆oct is inversely proportional to the fifth power of the cation-anion
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Figure 2.3: Crystal field splitting of d orbitals in cubic octahedral symmetry and in the lower
symmetry state when the V4+ is displaced out of the octahedron center when forming the
vanadyl bond.
bond length (more sophisticated calculations actually give rather similar results). An
older convention for labeling the octahedral-field splitting is 10Dq[180–182], where q is
the charge on each ligand and D is a quantity related to the geometry. Thus, in this older
notation, the eg doublet lies at +6Dq and the lower triplet t2g at −4Dq.
In transition metals the energy difference between the eg and t2g subsets is about
1×104 to 1.5×104 cm−1. Since this splitting of the levels is much larger than both kBT
(kBT∼ 200 cm−1 at 300 K) and the LS coupling energy, only the crystal field ground state
usually needs to be considered when analyzing the magnetic properties of the transition
metal ion. Thus, in the ground state of a d1 V4+ ion in an octahedral crystal field, the
electron is placed in the degenerated, low lying, t2g subset. In crystal fields of lower
than cubic symmetry the d-orbital degeneracy is lifted up to the extreme of having five
energetically discrete levels and one needs more parameters to describe the splitting. If
there are several d electrons (as in V3+ and V2+), they successively occupy the energy
levels from the bottom, according to Hund’s first rule, keeping their spins parallel. For
this reason, the spin magnetic moment of vanadium in the oxidation states 5+, 4+, 3+
and 2+ are S = 0, 1/2, 1 and 3/2 respectively.
Octahedral crystal-field from Molecular Orbital theory
The crystal-field theory does not take into account the chemical bonding among vana-
dium and the surrounding oxygen ions since it only considers point electrostatic charges
and repulsive forces. However, the main qualitative ideas of this approach have been
found to be quite compatible with ligand field theory which deal with molecular orbitals.
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In the molecular orbital method the electron-transfer Hamiltonian combines the d wave
functions with the p orbitals on neighboring O2− anions. In vanadium oxides the atomic
energy level of the oxygen p orbitals is below the level of vanadium d orbitals. Since
the original 2p shell of the O2− ions are completely filled, the resulting low-lying p − d
mixed orbitals are filled as well, thus giving rise to a set of bonding orbitals. Instead, the
d − p mixed orbitals of dominant d character lie at much higher energies and are called
antibonding orbitals. For the antibonding orbitals, a larger mixing of the p orbitals with
a particular d one leads to a higher energy level of the corresponding antibonding orbital.
Therefore, for V4+ in the octahedral oxygen coordination the eg doublet become higher in
energy with respect to the t2g triplet. This tendency is similar as in the purely electrostatic
model. Moreover, the ligand field theory predicts a larger value of the splitting ∆1 within
the t2g manifold (fig. 2.3) as compared to that obtained in a simple point-charge crystal
field model.
2.4.2 Crystal field splitting in a distorted octahedron with
vanadyl bond
The effects of the crystal field in the distorted octahedron can be deduced from that
of the regular octahedron as a perturbation that lifts the degeneracy of the ground state
of the cubic crystal field. The effects of a pyramidal crystal field can be obtained as an
extreme case of the distorted octahedron in which the distance to the trans oxygen is
increased until it is no longer bounded to the vanadium central ion.
In the following we shall present the results from the early work of Ballhausen and
Gray[164] in which the energy level scheme of a vanadyl ion (V4+) in a strongly distorted
octahedral crystal field was calculated. The actual case studied by these authors is slightly
extreme in respect to the extent of the distortion but these results should hold for less
distorted environments as those found in the compounds we investigated.
These authors have described the bonding in the molecule ion VO(H2O)2+5 in terms
of molecular orbitals, arriving to the conclusion that considerable oxygen to vanadium
π-bonding is a significant feature of the vanadyl electronic structure. The electrostatic
model consisted of a V4+ ion situated in a tetragonal electric field caused by the oxide
ion and five water dipoles. They used the 3d, 4s and 4p metal orbitals along with the
2s and 2p orbitals of the oxide oxygen and the spσ hybrid orbitals for the water oxygens
(a possible π-bond of V4+ with the trans water molecule was ignored due to the large
bond length of 2.3 Å). As a result of their calculations, they found the following V–O
bondings in the VO(H2O)2+5 molecule. A strong σ bond between the spσ oxygen hybrid
orbital and the 4s + 3d2z vanadium hybrid orbital plus two π bonds between the oxygen
2px and 2py orbitals and the vanadium 3dxz and 3dyz orbitals, making a total of three
vanadium to oxygen bonds in the VO2+ ion. Four bonds involving the spσ hybrid orbitals
of the equatorial oxygen (from water molecules in this case) and vanadium (4s - 3d2z), 4px
and 4py, and 3dx2−y2 orbitals. The sixth ligand, the axial water oxygen, is considered
bonded to the remaining vanadium 4pz orbital and, finally, the 3dxy vanadium orbital is
non-bonding.
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These authors calculated the overlap integrals and using the criterion that bond
strengths are proportional to overlap, found that the energy levels are distributed as
predicted by the simple crystal-field model (fig. 2.3). Therefore, the lowest energy state
for the unbounded d electron is the dxy orbital, while the first excited states are the dxz,
dyz doublet at an energy of the order of 1.5 eV[164] (∆1 in fig. 2.3). The next excited
state (∆2 in fig. 2.3) is the dx2−y2 orbital which, for this molecule, was found to be at an
energy of the order of 2 eV[164] above the ground state.
In the case of a typical distorted-octahedron coordination, as found in V4+ oxides, the
displacement out of the center is of the order of 0.2 Å and thus the extent of the crystal
field splitting is less pronounced as compared to the molecule studied by Ballhausen et
al.[164], with estimated[183] values of ∆1 ∼ 0.23 eV≃ 2670 K and ∆2 ∼ 1.26 eV≃ 14620 K.
Both energies are well above room temperature and therefore the population of these
states during our low temperature experiments is vanishingly small and can be ignored
when analyzing the magnetic behaviour of the compounds studied in this work. In the
case of a purely pyramidal coordiantion the ground state is basically the same[14, 184],
but the lack of electrostatic repulsion with the trans oxygen ion modifies the behaviour
of the orbital energy levels in function of the displacement of the V4+ ion out of the base
of the pyramid. Therefore, the dependence of ∆1 and ∆2 on the V4+ displacement are
similar (but not identical) to those in the distorted octahedron. The typical values for ∆1
and ∆2 are of the same order as in the distorted octahedron.
In the following we will briefly discuss the main consequences of this crystal field for
the physical properties of (vanadyl containing) V4+ compounds.
2.5 Physical consequences of the V4+ electronic
structure
The electronic structure of V4+ ions in octahedral (or pyramidal) coordination with the
presence of a vanadyl bond, completely determine the magnetic and transport properties
of V4+ compounds. The consequences for the physical properties shall be presented and
discussed along this section.
2.5.1 Consequences for the magnetic properties
The ground state of V4+ ions in those coordinations containing a vanadyl bond consists
on the unique non-bonded electron placed in the dxy orbital. This is a non-degenerated
orbital state because there is an energy gap ∆1 to the first excited states (dxz or dyz
orbitals), which is much larger than kBT. Therefore, there is no orbital degrees of freedom
in V4+ compounds with vanadyl bond.
The fact that the orbital ground state is so well defined greatly simplifies the analysis
of its magnetic properties. Since the vanadyl bond is easy to identify, it is also easy to de-
termine the spatial location of the occupied dxy orbital because it is always perpendicular
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to the vanadyl bond. This information is of fundamental importance for the identification
of the possible paths for the magnetic interactions among magnetic centers, which are de-
termined by the extent of overlap and the bond angles between orbitals involved in the
superexchange path. In the case of V4+ ions there is no σ-type overlap between the dxy
orbital and the surrounding oxygen ions and only π-type bonding with the p orbitals of the
equatorial oxygen ions is possible. Therefore the dominant magnetic interactions should
take place through the equatorial oxygen ions, while the interactions through the apical
oxygen ions involved either in the vanadyl bond or in the trans location are expected to
be much weaker.
The magnitude and sign of the resulting magnetic interaction between V4+ ions is usu-
ally not easy to guess a priori using simple considerations. As we stated at the beginning,
there are no simple rules for estimating superexchange interactions when complicated
paths for the superexchange exist. Only when a single oxygen ion mediates the superex-
change, the Goodenough-Kanamori[135, 158] rules are available. But the application of
these rules to vanadium compounds is much more difficult and insecure than in the case
of cuprates (in base of which these rules were established). In Cu2+ compounds the su-
perexchange through an intermediate oxygen ion is rather well established because the
magnetic hole is placed in the dx2−y2 orbital which takes part in the σ bond between cop-
per and oxygen and thus the overlap and angle involved in the exchange path are clearly
defined. In contrast, the π-bond between dxy and surrounding oxygen ions is a less well
defined entity since its intensity (the overlap) strongly depends of the relative orientations
between the vanadium ion and the surrounding oxygen ions. The oxygen ions, in turn,
are also affected by their own coordination. It means that the kind of chemical groups
to which the equatorial oxygen ions belongs and their relative orientation with respect
to the V4+ octahedra will be parameters affecting (or even determining) the superex-
change interaction. Thus in a general, low symmetry, structure the amount of parameters
like angles, distances, symmetries, ions involved, etc, will make an a priori guess of the
magnitude and sign of a given superexchange interaction an extremely complicated, and
certainly error prone task in which the intuition may conduct to gross errors. A few
reports[98, 185, 186] have found some phenomenological magneto-structural correlations
in order to predict the magnitude and sign of the superexchange interaction between V4+
distorted octahedra or pyramids linked through phosphate PO4 groups. These studies
have been complemented by some recent theoretical calculations[187, 188] but a complete
theory able to predict the superexchange interactions in this kind of complex linkages is
still not available. For instance, these studies were carried out in vanadium phosphates,
but it is not clear how the superexchange interactions will be affected, when other cations
are placed in the center of the bridging polyhedra (like V5+, Si4+, Ge4+, W6+, As5+,
etc). In spite of these shortcomings, rather vague estimations of the most possible su-
perexchange paths can be performed and, from them, the kind of magnetic lattice and its
dimensionality can be deduced.
The magnetic moment of any magnetic ion is composed of the total net spin of its
electrons, and may include contributions from the orbital angular momentum. However,
in 3d ions the orbital momentum is generally quenched due to the crystal field. In this
case the spin S is completely free with (2S+1) degeneracy and the magnetic moment of
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the ion is given exclusively by the spin. This yields the so-called spin-only formula for the
effective moment of a paramagnetic compound:
µeff = g
√
J(J + 1) = 2
√
S(S + 1) (2.1)
since,
g = 1 +
J(J + 1) + S(S + 1) − L(L + 1)
2J(J + 1)
= 2 (2.2)
when L = 0.
To the extent that this spin-only formula holds µeff provides a measure of the number
of magnetic electrons present in the compound. For a compound containing only one V4+
ion per formula unit (the case of all the compounds studied in this work) the value of the
pure spin µeff is 1.73 µB.
An important consequence of this quenching of the orbital momentum is that the
exchange interaction is isotropic, that is, it depends only on the mutual orientation of
the two spins. The free spin couples to the lattice only when the LS coupling is taken
into account because it partially restores the orbital angular momentum. If one adds
the spin-orbit coupling to the Hamiltonian as an additional perturbation of the crystal
field, the remaining (2S+1)-fold degeneracy of the ground state will be split. However
this additional splitting may be small compared with both kBT and the splitting in an
applied magnetic field, in which case it can be ignored. Usually this is the case for
compounds containing most of the transition elements of the first row (the so called iron
group) to which vanadium belongs. However, a weak spin-orbit coupling may influence the
magnetic properties of a given system at low enough temperatures or by means of inducing
antisymmetric or anisotropic interactions, which directly depends upon it (we shall present
a detailed introduction to this subject in chapter 7). In the case of the d1, S = 1/2,
V4+ ion in distorted octahedral or pyramidal coordination, the low symmetry of these
environments usually allows for a weak magnetic anisotropy due to a weak LS coupling.
Thus some magnetic anisotropy limitates the free orientation of the spin moments and an
easy-axis or easy-plane magnetic behaviour is observed. Whether the anisotropy is of the
easy-axis (uniaxial) or of the easy-plane (XXZ) type will depend in the actual symmetry
of the crystal field surrounding the V4+ ion. These anisotropy effects shall be visible at
low temperatures, mostly in the long-range ordered state.
2.5.2 Consequences for the transport properties
The orbital singlet ground state of the V4+ ion, due to the crystal-field splitting, has
also strong consequences for the transport properties. In the following we will discuss the
case of a compound in which the only electrons outside a noble-gas core and not taking
part in the bonding are the one unbounded d electrons of the V4+ ions.
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In general, when the solid is formed, the atomic orbitals form bands due to the periodic
potential of the atoms. The bandwidth is basically determined by the overlap of the
occupied d orbitals on adjacent V4+ ions, which is relatively small in this case due to
the small radius of the wave function as compared to the lattice constant. In V4+ oxides
the overlap is determined by indirect transfer between dxy orbitals through the oxygen p
orbitals. This means that the bandwidth is determined by the hybridization of the dxy
wave function and the p wave function at the bridging oxygen site. This hybridization
of the oxygen p band with the 3d band at the Fermi level is not strong since the oxygen
p level has a lower energy compared to the dxy orbital level and the overlap is weak (π-
bond). Therefore, the oxygen p band is nearly full and the formal valence of oxygen is
O2−.
In the ground state the unbounded electron is placed in the dxy orbital of the V4+
ion. In this way the band is half-filled since a second electron, with opposite spin, can
also be placed in this orbital. This electron can only come from a neighboring V4+ ion
because the other valence electrons in the material are involved in the chemical bond,
being unable to hop to this empty orbital. In this kind of ionic materials the electronic
transport will be performed by means of the hopping of electrons from one V4+ ion
to the next one through the dxy orbitals. This hopping process is determined by two
parameters, the hopping amplitude t and the on-site Coulomb repulsion U . The first is
determined by the magnitude of the orbital overlap (hybridization) between the localized
dxy orbital and the neighboring oxygen p orbitals and between these and the dxy orbital
of the nearest neighbor V4+ in the case of direct superexchange. When other groups
mediate the interaction among V4+ ions the same applies to the orbital overlap between
atoms along the hopping path. Obviously, the more direct is the path the larger shall
be the electron hopping amplitude t. In other words, this t parameters are strongly
affected by the degree of covalency in the bonds involved in the hopping path. Thus the
kind of bridging groups will also affect the transport properties in V4+ oxides. The second
parameter is the Coulomb repulsion U which arises from the fact that two electrons repels
electrostatically. Therefore, putting two electrons in the same orbital (dxy in this case)
requires a Coulomb energy U . In V4+ ions U is appreciably large (of the order of 4–5 eV),
much larger than t (< 0.1 eV) and thus the hopping process from one to the next site is
largely suppressed. Since there are no degenerated orbitals in the ground state, the only
possibility of hopping would be to place the coming electron in one of the excited states,
namely one of the dxz or dyz orbitals. But for this process the electron should increase its
energy by the crystal-field splitting ∆1 and the interorbital Coulomb repulsion U ′ (which
is of the order of U). It means that this kind of hopping is also strongly reduced at room
temperatures and below. For this reason, in V 4+ oxides in which the vanadyl bond is
present (an overwhelming majority) the unbounded electron is strongly localized due to
strong electron-electron correlations. This corresponds to a large gap at the Fermi energy
and the compounds are therefore insulators or large gap semiconductors. The compounds
which present this behaviour are called Mott-insulators[20, 22, 24] since the insulating
state is a direct consequence of the strong correlations between electrons and not because
of the lack of charge carriers. Without U , these materials would be metals due to the half
filled band at the Fermi level. In these materials a residual transport may take place either
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by thermal activation (small gap compared to kBT) or by any charge defects (specially
in the V4+ sites) like V5+ ions, in which case no U avoids the hopping. Nevertheless, in
that cases the transport properties will be strongly affected by electronic correlations.
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3.1 Polycrystalline samples
3.1.1 Preparation
We synthesized our polycrystalline samples by the solid state reaction method. In this
method the reagents are in powder form, do not melt, and the reaction takes place through
diffusion between the grains at high temperatures. We used this synthesis technique
because most of the compounds investigated here do not melt congruently. It means that
the product of a synthesis process involving the melt of the precursors mixture would have
a multi-phase composition. Key requirements of this synthesis procedure are a small grain
size (higher surface to volume ratio), a homogeneous mixture, a reaction temperature close
to the melting point (improvement of the diffusion speed) and good contact between the
grains (obtained by pressing the mixture into pellets).
Our normal synthesis procedure consisted in the following steps. Stoichiometric amounts
of the precursors were weighted on a common paper and then intimately mixed (manu-
ally) in an agate mortar adding some acetone (this facilitated the homogenization of the
mixture). The so obtained fine powder was sometimes put directly into the crucibles and
slightly compacted, or pressed into pellets of varied diameter (depending on the amount
of sample prepared) under an applied pressure of about 30 kN/m2. We used steel or CuBe
alloy dies that were slightly lubricated in the inner surface with oil in order to facilitate
the removal of the pellet and the cleaning of the die. The contamination of the pellet with
oil and metal from the die was avoided by rasping its edges and surfaces with a cutter or
sand paper.
3.1.2 Furnaces and crucibles
We used two different kind of furnace. For the synthesis of V 4+ containing compounds
a non-oxidative atmosphere is necessary. Therefore, we utilized horizontal tube furnaces
with an inner tube which could be evacuated or filled with an inert gas. Generally, we used
dynamical high vacuum by continuously pumping with a turbo molecular vacuum pump.
The normal synthesis pressure was about 10−6 torr. Alternatively, an atmosphere of Argon
6.0 (6.0 implies 99.9999% of purity) was sometimes also used. We employed two tube
furnaces, a Heraeus RoF 7/50 (max. temp: 1300 ◦C) and a Ro 7/50 (max. temp: 1100 ◦C).
The first had an Al2O3 tube and the second a quartz one. The crucibles used were either of
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Al2O3 or Platinum, with covers of the same material. The crucibles were put in an Al2O3
boat in order to shift them till the middle of the furnaces (homogeneous temperature
region). For reactions involving VO2, even without melting, the Al2O3 crucibles are not
the best because VO2 is able to diffuse inside Al2O3 at high temperatures. This effect may
drift the composition out of stoichiometry. For this reason, the more expensive Platinum
crucibles are preferable. A practical conclusion of our work was that the best synthesis
conditions for polycrystalline Vanadium compounds are to press the reagents into pellets
and to use Platinum crucibles.
The synthesis of the precursors was performed in a box furnace (Nabertherm L9/SH)
under air using Al2O3 crucibles. This was necessary because the precursors normally were
fully oxidized compounds (i.e. involving V2O5) and/or they released some gases like CO2,
NH3 or HO2. In these reactions the reagents mixture was put directly into the crucibles
and only manually pressed (hence not pressed into pellets). The main reason for this
simplification of the procedure is that has little sense to make pellets when working with
carbonates or NH4H2PO4 because they decompose during the reaction releasing a large
amount of gaseous phases. After the first synthesis, a usual practice was to grind the
mixture and heat it again in order to ensure a homogeneous single-phase product.
3.1.3 Sample characterization
After the synthesis process a precise characterization of the sample is necessary. The
very first analysis is the optical one that we performed with the help of a Stereomicro-
scope Olympus SZX12. For a polycrystalline sample many points were checked in this
first step: how many phases were present, which color they had, how they were related,
evidences for melting or softening, wether there was some important volume change (pos-
sible loss of material), wether there was reaction with the crucible, wether there were
differences between the surface and the inner part of the sample (specially in the pellets),
etc. Afterwards, a representative part of the sample was ground down to a fine powder
and its structure investigated by measuring the X-ray powder diffraction pattern. These
measurements were carried out in a STOE diffractometer and the X-ray data analysis was
performed with the program WinXPOW of STOE.
The first analysis of the X-ray diffraction patterns consisted in the determination of the
phase composition of the sample by identifying foreign phases. With X-ray diffraction it is
possible to detect a foreign phase if its amount is larger than about 3 or 4% (depending on
the relative intensities of the X-ray diffraction peaks). Afterwards, deeper analysis were
in some cases also performed on the experimental diffraction patterns like determination
of the cell parameters and comparison with theoretical predictions. The same software
(WinXPOW) was used for these tasks.
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Figure 3.1: Vertical furnace used for the crystal growths
3.2 Growth of single crystals
We succeed to grow single crystals of Sr2V3O9 and Pb2VO(PO4)2. We used the Trav-
eling Solidification Zone method in which a melt in a stationary crucible is subjected to
a strong gradient of temperature. When the whole furnace is slowly cooled down the
solidification temperature moves along the crucible resulting in a longitudinal growth of
crystals.
We used two 10 zone tube furnaces GERO ZZ70 (max. temp. of 1300 ◦C), with con-
trollers Eurotherm 818, one working horizontally and the other in a vertical position.
In these furnaces each zone can be controlled independently. We grouped them into two
zones with the middle of the furnace as the limit between them. Each halve of the furnace
(embracing 5 zones) was controlled independently by one controller. In this configura-
tion, setting the two zones to different temperatures produces a stable, well determined,
gradient of temperature (which was also kept constant during the whole growth) in the
middle of the furnace. Typically, gradients of about 35 ◦C/cm were obtained being also
constant along the length of the crucible.
Then, when both zones are slowly cooled down at the same rate, the solidification
temperature travels along the crucible. Since neither the crucible nor the furnace are
moved during the growth there are no vibrations and better crystals may be obtained.
Also, it is a quite flexible method because there are no limitations in the cooling rate,
which can be set continuously without the discrete steps proper of movement related
devices. A major difference with systems in which either the crucible or the furnace
are moved for cooling is that the gradient is constant in time, allowing uniform growth
conditions all along the growth.
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The horizontal furnace used for growing crystals was of similar construction as the
horizontal furnaces used for the synthesis of the polycrystalline samples. The sample tube
was made of Al2O3 and there was no supply of gas to the chamber, thus only high vacuum
was used in this furnace. Instead, in the case of the vertical furnace, it was sustained in
vertical position by a device able to move it vertically in an aluminium rack (fig. 3.1). A
quartz tube was used as sample chamber. The atmosphere during the growths was either
high vacuum or inert Argon 6.0. The inner design of the quartz support column directed
the Ar flow through the crucible zone from the bottom. The flow was regulated with a
fine valve and the flow rate was estimated and controlled with a standard oil bubbling set
up. In some cases a stationary Argon 6.0 atmosphere, at some overpressure with respect
to ambient pressure, was used in order to avoid a possible reduction of the melt by an Ar
flux during lengthy growths.
For an accurate control of the growth, we measured (and registered) the applied gra-
dient of temperature by means of two thermocouples; one at the bottom and the other
at the top of the crucible, both in contact with it. These data were either registered
manually or stored in real time into a computer by an automatic recording system.
In our crystal growths we always used platinum crucibles because our oxide melts
react strongly with the Al2O3 crucibles. Normally powder was put inside the crucibles
and compacted manually. Covers of platinum closing the crucible were also used, but
with some small holes for the evacuation during pumping.
Once the growth was finished and the batch was removed from the crucible, a careful
analysis under microscope was always performed. We observed how the growth evolved
and which phases were formed. In order to identify the composition of the different
phases usually found in the growths we isolated enough amount of crystals of each phase
and grounded them down to a fine powder. These powders were used for measuring the
powder X-ray diffraction patterns of each phase.
For the identification of the crystals composition some amount of each type of grain
was isolated and ground to a fine powder in order to measure the powder X-ray diffraction
patterns.
When useful crystals were obtained, they were oriented with the Laue method. After
the crystals were oriented they were polished and(or) cuts were performed in order to mark
the crystallographic directions of the single crystal. We controlled whether our samples
were single crystals by taking several Laue pictures at different points on the surface of
the sample and checking the homogeneity of the orientation. Separately, polarized light
in the stereomicroscope was used in order to visually search for possible grain or domain
boundaries.
3.2.1 Differential Thermal Analysis (DTA)
Before a crystal growth attempt is performed, it is necessary to know the thermody-
namic phase diagram (e.g. the melting or the decomposition temperature) of the com-
pound. If no literature data are available (as is usually the case for almost unknown or
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completely new compounds) the necessary information can be obtained by performing
Differential Thermal Analysis (DTA).
With this technique, it is possible to get the melting, solidification or decomposition
temperatures of a compound (or a mixture) and an overview of the whole thermal process.
For example, it is possible to determine wether the compound melts congruently or not,
and how many phases are likely to be formed while cooling. With this information, a
rough draft of the phase diagram can be obtained.
a
b
c
d
Figure 3.2: Crucibles
and holder of our
DTA/TG system.
a)Cover (Pt),
b)Crucible (Pt),
c)Thermocouple,
d)Support (Al2O3).
In the Differential Thermal analysis technique[189] the tempera-
ture of a sample is compared with that of an inert reference ma-
terial during a programmed change of temperature. The temper-
ature of sample and reference will be the same until some thermal
event (exo- o endothermic) occurs in the sample (such as melting,
decomposition or change in crystal structure). In this case the
sample temperature lags behind (if the change is endothermic) or
ahead of (if the change is exothermic) the reference temperature.
The device used for this thermal analysis was a commercial Net-
zsch STA 449C Jupiter which was able to perform simultaneously
a Thermogravimetric Analysis (TG). In this technique, the weight
of the sample is measured during the whole thermal process. In
our case, TG was used in order to detected whether the sample
decomposed by releasing gaseous phases. This thermal analysis
were carried out in a flowing inert Argon 6.0 atmosphere at am-
bient pressure, with a slow flow rate. In figure 3.2 we show how
the sample and reference were arranged. In our case we used Plat-
inum crucibles (provided by Netzsch). The reference was always
an empty crucible identical to the sample one. The sample was
always in powder form with a weight between 100 and 250 mgr. The typical temperature
profile of the thermal process consisted of a first fast heating at ∼ 10 ◦C/min up to a tem-
perature lower than the expected one for the occurrence of the first thermal event. Then,
we slowly heated at a rate of ∼ 2 ◦C/min up to the maximum temperature we wanted to
reach and then we cooled down in a similar (symmetric) way as for the heating process.
3.2.2 Growth of Sr2V3O9 single crystals
The process for growing Sr2V3O9 single crystals was not straightforward. Our prelim-
inary results, obtained by melting stoichiometric mixtures of VO2 and Sr2V2O7 or pure
Sr2V3O9, showed that Sr2V3O9 does not melt congruently. The first compound to solidify
out of the melt was always Sr2V2O7. The formation of Sr2V3O9 started later at a lower
temperature, in the space between Sr2V2O7 crystals or at the top of the crucible. Thus
only small, tight bounded and bad formed Sr2V3O9 crystals were obtained. We concluded
that a more complicated process was necessary for geting Sr2V3O9 single crystals and
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started to study the ternary phase diagram to which Sr2V3O9 belongs. In the SrO–VO2–
V2O5 ternary phase diagram1 (shown in figure 3.3) Sr2V3O9 lies at the intersection of the
lines joining either VO2 and Sr2V2O7 or Sr2VO4 and V2O5.
Figure 3.3: Ternary phase diagram of SrO–VO2–V2O5 showing the presently known
phases. Inset: Enlargement of a part of the phase diagram around Sr2V3O9 showing the
compositions paths a and b and the two compositions corresponding to the crystal
growth attempts.
We need to start our growths at a composition for which Sr2V3O9 is the first compound
to solidify upon cooling the melt, thus avoiding the formation of Sr2V2O7 and reducing
the liquidus temperature. We did not find any information in the literature about the
decomposition temperature of Sr2V3O9. Our DTA measurements, on pure Sr2V3O9 and
in an unreacted stoichiometric mixture of VO2 and Sr2V2O7, showed a peritectic de-
composition at 997± 10 ◦C. In comparison, the decomposition or melting temperature of
Sr2V2O7, VO2 and SrO2 are known from the literature to be much higher, being 1133 ◦C,
1500 ◦C and above 2000 ◦C respectively. But, in the case of V2O5 the melting point has
a much lower value, 675 ◦C. Thus, one can guess that the liquidus temperature would
decrease from SrO to VO2 and to V2O5. Therefore, we decided to investigate the thermal
behaviour along two lines, one joining Sr2V3O9 and VO2 (path a) and the other between
Sr2V3O9 and V4O9 (path b).
The idea behind the first choice was to avoid the formation of Sr2V2O7 by reducing
the mean oxidation state of the melt by increasing the proportion of V4+. Along path b,
1Constructed from the Chemical Database PDF-2
2In fig. 3.4 we show the temperature-composition phase diagram for the system SrO–V2O5.
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Figure 3.4: Temperature-composition phase diagram[190] for the system SrO–V2O5.
we expected a strong reduction of the liquidus temperature (increasing amount of V2O5).
The equations for the composition along these two paths are:
• Path a:
(1 − x)Sr2V2O9 + 2xV O2
• Path b:
(1 − x)Sr2V2O9 + 2x(
1
2
V O2 +
1
2
V O2.5 )
For both paths we performed DTA measurements using prereacted samples with
x = 0.1, 0.2 and 0.3. The most promising results were obtained at x = 0.3 along path
b. After the DTA run a visual inspection with the microscope revealed that the sample
was constituted by small crystals of Sr2V3O9 and that there was no Sr2V2O7 (this was
confirmed by X-ray analysis). Since the optical analysis suggested that some extra flux
might be necessary for getting nice crystals, we prepared a batch slightly richer in V2O5
and proportionally less rich in VO2 with composition:
0.7 Sr2V3O9 + 0.6 ( 0.4 V O2 + 0.6 V O2.5 )
The results of this growth were very promising because, after the growth, the batch
was composed of three layers: a lower one (in the bottom of the crucible) with a thickness
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of about 1 mm and mostly composed of very small black crystals; a thicker one (3 or 4 mm)
in the middle composed of a brown, dense, multi-domain material, and at the top of the
batch a layer mostly composed of transparent crystals. The boundaries between these
layers were very clear and remarkably flat, like an edge. The composition of these layers
was as follows: the first one mostly contained SrV5O11, the second one was practically pure
Sr2V3O9 and, in the last layer, the main phase was SrV2O6. This result is in accordance
with the phase diagram shown in figures 3.3 and 3.4.
Figure 3.5: Time-Temperature program executed in the vertical furnace for growing
Sr2V3O9 crystals.
Following this line, for the next growth we decided to increase the ratio V2O5/VO2
even further to 0.66/0.34 (instead of 0.6/0.4), and to reduce x from x = 0.3 to x = 0.25
at the same time. This was the last and more successful growth, from which we could
get a nice, rather big single crystal of Sr2V3O9, weighting more than 30 mgr. The overall
result of the growth attempt was similar to the preceding one but now the thickness of the
Sr2V3O9 layer increased and contained much larger domains. This growth was performed
in the vertical furnace shown in fig. 3.1 with the time-temperature program plotted in
fig. 3.5. The difference of temperature between the two zones was kept stable at 300 ◦C,
the upper one being the otter. In this way the solidification begins at the bottom of the
crucible and propagates up to the surface of the melt according to the cooling rate of the
furnace (in this case 1 ◦C/h). The growth took place in a static Argon atmosphere, at a
small overpressure with respect to ambient pressure.
The Sr2V3O9 crystals have a dark red-brown color and their transparency depends
strongly on their thickness. These crystals are rather brittle and do not cleave easily
along a crystallographic plane.
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3.2.3 Growth of Pb2VO(PO4)2 single crystals
In the figure 3.6 we show the presently known3 ternary phase diagram of the system
PbO–VO2–P2O5 to which Pb2VO(PO4)2 belongs. This compound lies on the line between
VO2 and Pb2P2O7 and thus we also use them as precursors for its synthesis4.
Figure 3.6: Ternary phase diagram of PbO–VO2–P2O5 showing the presently known
phases.
Our DTA measurements data suggested that this compound melts congruently at
about 810 ◦C because only one, sharp, peak was observed when heating up to a maxi-
mum temperature of 1000 ◦C. Since the solidification peak was observed at a much lower
temperature (740 ◦C) than the melting one, we suspect a significant overcooling, which
seems to be a common phenomena in phosphate compounds. With this information, we
performed a first fast growth attempt in the horizontal furnace, without gradient of tem-
perature, at a rate of about 7 ◦C/h. From the batch of this first attempt, small green
crystals were taken and investigated with single crystal X-ray diffraction measurements.
From these measurements the structure of Pb2VO(PO4)2 was solved5.
Pb2VO(PO4)2 crystals are green transparent and strongly slice shaped. They are
rather fragile and easy to clive, as expected from the strongly two-dimensional structure.
These crystals grew immersed in a brown material (not identified till now), that solidify
at slightly lower temperatures than Pb2VO(PO4)2, thus acting as a flux. This material
may appear also as intergrowths inside the crystals, reducing their quality. Fortunately,
3Elaborated from the Chemical Database PDF-2
4as shown in Appendix A 1.7
5Work performed by Dr. Roman Shpanchenko at the Moscow State University, Department of Inorganic
Chemistry
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Figure 3.7: Program executed in the vertical furnace during the growth of Pb2VO(PO4)2
single crystals.
this material did not sticks strongly to the crystals, allowing a rather easy removal and
separation of the Pb2VO(PO4)2 crystals from the melt. A major problem was the tendency
of the batch to stick to the Platinum crucible even using crucibles made of an 95%Pt–
5%Au alloy6.
After this initial attempt, we performed further growths with the aim to get single
crystals big enough for physical measurements. The last growth was the most success-
ful one and produced a crystal of almost 30 mgr. It was used for all the single crystal
measurements presented in this work. For this growth we used the vertical furnace with
two zones (shown in fig. 3.1). The time-temperature profile of the two zones is shown in
fig. 3.7. The difference of temperature was also kept at 300 ◦C and the cooling rate was
1 ◦C/h. The temperature gradient along the crucible was about 42 ◦C/cm. This growth
was performed in a static Argon atmosphere with a small overpressure.
6This alloy is suspected to reduce the wetting of oxide melts
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In this chapter we describe the experimental techniques used in order to study the
magnetic properties of the materials investigated in this doctoral thesis. We measured
the macroscopic magnetic susceptibility χ(T) of the samples as a function of temperature
(at constant field), as well as the magnetization in function of applied magnetic field
(M(H)) at constant temperature. We further measured the specific heat at constant
pressure (Cp(T)) in function of temperature and investigated its dependence on applied
magnetic field.
The results from these experiments were complemented with further results obtained
from ESR and dielectric constant measurements, carried out by other researchers in close
collaboration with us and using our samples. In this section we shall neither introduce
nor describe these experiments since they do not belong to the core of our research work.
Since the physical quantities we measured are standard in solid state physics, do not
need to be explained here. We shall therefore focus on the experimental techniques in
this chapter.
4.1 Magnetic measurements
We measured the macroscopic magnetic moment (M) of our samples in presence of
an external applied field (H) at some temperature T . The magnetic susceptibility χ(T)
(normalized per mole) was calculated from M and H as:
χ(T ) =
M
H
(
molar weight
sample weight
)
(4.1)
The magnetization measurements were performed in a commercial SQUID magnetome-
ter (Quantum Design MPMS-5S) in the range 1.8 K < T < 400 K and for applied fields H
up to 5 Tesla (5×104 G). The sensitivity of this equipment is of the order of 1× 10−7emu
for the measured magnetic moments.
In this system, the magnetic moment of the sample is measured by moving the sample
through superconducting detection coils (configured as a second order gradiometer) which
are connected by superconducting wires to the SQUID input coils forming a closed loop.
Any change of magnetic flux in the detection coils produces a proportional change in the
persistent current in the detection circuit. Since the SQUID functions as a highly sensitive
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and linear current-to-voltage convertor, a variation in the detection coil current produces
a corresponding variation in the SQUID output voltage, which is thus proportional to the
magnetic moment of the sample. The sample is driven through the detection coils either
by a continuous sinusoidal movement (RSO mode) or in discrete steps (DC mode) along
the scan length. The currents induced in the detection coil are ideally those associated
with the movement of a point-source magnetic dipole through a second order gradiometer
detection coil. For be observable, this signal requires that the sample has a size much
smaller than the distance between detection coils. If a sample is very long, extending well
beyond the coil during a scan, its motion in the gradiometer will not be observable, since
there would be no net change of magnetic flux in the detection coil. For this reason long
uniform tubes were used as sample holders.
The samples were mounted in a tube (made of a plastic material) and located in the
centre of the detection coils which coincides with the region of uniform external field in
the centre of the superconductive magnet. The polycrystalline samples were mounted in
commercial organic gelatine capsules (usually used for medicinal drugs) which have a very
small diamagnetic signal that was carefully measured and subtracted as background in
our measurements. These capsules have a cylindrical shape and a typical size of about
8 mm long by 4 mm in diameter.
For single crystal measurements a special sample holder (instead of the capsules) is
needed because it must be able to sustain firmly the crystal, keeping the orientation of the
crystal with respect to the field all along the measurement. Different holders were tested,
being the most successful a flattened bar of glass or quartz, long enough that it generated
no signal in the detection coils and hence no extra background during the measurements.
The crystal was glued in the middle of the bar and both were later introduced inside
the plastic tube. This set up was used for the measurement of the susceptibility of flat
crystals for field parallel to the direction of the plane. The susceptibility in the direction
perpendicular to the plane was measured using another sample holder, a small circular
cup (made of Teflon) with the same diameter as the inner one of the plastic tube. This
sample holder possess a comparatively high diamagnetic background, that was measured
and subtracted from the sample data.
In this magnetometer the sample chamber is sealed and low-pressure helium exchange
gas established the thermal contact between the sample and the temperature control
system.
An horizontal rotator (Quantum Design M101C) was used for magnetization measure-
ments in function of the angle between the applied field and the crystallographic axes of
single crystalline samples. This device allows rotations of 360◦ with an accuracy of ± 0.1◦,
the rotation axis being horizontal (perpendicular to the field).
4.2 Specific heat measurements
The measurement of the Specific Heat reveals valuable information about the lattice
and electronic properties of a given material. The specific heat is also of fundamental
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importance in the study of phase transitions (magnetic, superconducting, structural, etc.)
in materials. Moreover, in some cases, it is the only way for determining whether a feature
observed in other physical property is actually a phase transition or not. It also allows to
study whether a phase transition observed in other property is proper of the bulk of the
studied compound or belongs to a minor second phase. The knowledge of the magnetic
specific heat of a given compound is a powerful source of information for verifying the
results obtained from the magnetic susceptibility measurements.
For these reasons we studied the specific heat as a main tool in our investigation of
the magnetic properties of the compounds investigated in this work.
The specific heat measurements were performed in a commercial Quantum Design
PPMS (Physical Property Measurement System). This instrument[191] measures the
Heat Capacity (HC) at constant pressure by using a Thermal Relaxation method which al-
lows for fast and accurate measurements of small samples[192] down to low temperatures[193].
Figure 4.1: Heat-flow
diagram for a conventional
thermal-relaxation calorimeter
For a recent review, in which the operation and performance
of this device as a calorimeter was thoroughly examined, we
point the reader to the article of Lashley et al.[194].
These authors confirmed the accuracy of the PPMS de-
vice given by Quantum Design, namely better than 1%
for temperatures above 100 K. Below this temperature they
found that the accuracy lie within ± 3% but that these val-
ues are obtained only when the heat capacity of the sample
is larger than half the addenda one.
4.2.1 The thermal relaxation technique
In figure 4.1 a diagram for the heat-flow in a stan-
dard relaxation calorimeter is shown. In the relaxation
method[195] (developed by Bachmann et al.[196]), the spe-
cific heat of a sample is determined by measuring the ther-
mal response of a sample plus calorimeter assembly to a
change in heating conditions.
The experimental arrangement involves a sample (of un-
known heat capacity HCs) bonded to a sample platform by
means of a thermal grease. This grease is necessary in order
to obtain a sample-to-platform thermal linkage with high
thermal conductivity K2.
The platform is linked to a thermal bath of temperature T0 through a heat leak (tiny
wires) of known (and comparatively small) thermal conductivity K1. The platform has
a high internal thermal conductivity with the heater consisting of a thin film evaporated
onto its bottom. The platform/sample temperature is measured from a temperature
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sensor also intimately bounded to the bottom of this platform. When a power P is
applied to the heather, the platform plus sample assembly heats up to a temperature
T0 + ∆T with ∆T = P/K1. Then the heater power is turned off, and the exponential
decay to T0 is measured. The heat-balance condition of the system is described by two
coupled differential equations:
P = HCa
dTp
dt
+ K2(Tp − Ts) + K1(Tp − T0)
0 = HCs
dTs
dt
+ K2(Ts − Tp)
(4.2)
where HCa is the combined addenda heat capacity of the platform, temperature sensor,
heater and thermal-contact grease and HCs is the heat capacity of the sample.
When the thermal connection between the sample and platform is very strong (K2 ≫
K1) then Ts ≃Tp and the differential equations can be simplified to
P = (HCa + HCs)
dTp
dt
+ K1(Tp − T0) (4.3)
and the time dependency of the cooling curve may be expressed by the simple relation
Tp(t) − T0 = ∆T e−t/τ with τ = (HCs + HCa)/K1 (4.4)
As long as ∆T is small enough (∆T/T ≪ 1) the temperature dependence of HCs, HCa
and K1 can be ignored and equation 4.4 can be used to determine Cs from the measured
τ . K1 is determined by measuring the temperature change ∆T that results when power
is applied, while the addenda heat capacity Ca can be determined by a measurement run
without sample attached to the platform.
The Two-Tau model: The above simplification requires that the thermal conduc-
tivity of the sample and that of the bond between sample and platform must be large
compared to that of the heat leak. Also, the heat leak wires should be small since they are
considered to be thermally massless. This simple model gives good results in many cases
but if the thermal conductivity of either the sample itself or the sample-to-substrate link
is not large enough compared to that of the heat leak, or if the heat capacity of the wires
is appreciable, Tp(t) must be represented by a more complicated sum of exponentials with
different time constants. Usually, only the two more important are taken into account,
τ1 and τ2 with τ1 ≫ τ2. In that case, the measured cooling curve is characterized by an
abnormally high initial slope compared to the rest of the decay because of the presence
of the comparatively fast τ2 contribution. In this case, the cooling curve is described by
Tp(t) − T0 = A1e−t/τ1 + A2e−t/τ2 (4.5)
35
4 Measurement of physical properties
in which, setting t = 0, one has A1 + A2 = ∆T . When the values of HCa and K1 are
known, the measured decay curves can be used to determine τ1, τ2, K2 and HCs through
the expression[197, 198]:
HCs + HCa = K1
A1τ1 + A2τ2
A1 + A2
(4.6)
It should be noted that the thermal relaxation technique has the advantage that it
allows an extended series of decay cycles to be averaged at each temperature in order to
increase the signal to noise ratio reducing the scatter of the data. But it has also some
important limitations. First, the measurements can take long time if τ1 is large since it
is necessary that each decay cycle must extend for many time constants (τ) in order to
ensure a steady-state initial condition. Next, the technique relies in the assumption that
the sample heat capacity does not vary over the temperature range along a warming-decay
cycle, it means HCs(T )∼HC(T0 + ∆T ). Near a phase transition the relative change in
the sample heat capacity with temperature can be quite large and this approximation is
no longer valid.
4.2.2 The PPMS calorimeter and our measurement procedure
The calorimeter used for the measurement of the heat capacity of the samples in-
vestigated during this work, a commercial PPMS of Quantum Design, uses a similar
measurement principle as the described above. The PPMS software utilizes a specific
curve-fitting method, first developed by Hwang et al.[199], in order to determine HCs(T).
In this approach, a single heat pulse of width ∆t∼ τ1 is applied at t= 0 and the temper-
ature of the platform is recorded in the time interval 0≤ t≤ 2τ1. With known values for
K1, P and HCa, the values of HCs and K2 are determined analytically from the T (t)
data by numerically integrating the combined differential equations shown in eq. 4.2. The
values of the time constants τ1 and τ2 are calculated from HCs, HCa, K1 and K2.
Figure 4.2: Schematic draw of the PPMS calorimeter used for measuring the specific
heat.
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In the PPMS the calorimeter is mounted on a highly thermally-conductive copper puck
which is inserted inside a sample chamber which can be evacuated or filled with helium
gas. In fig. 4.2 a schematic draw of the main components of a PPMS puck are shown while
in figure 4.3 the actual calorimeter puck is drawn. The platform consists of a thin alumina
square with dimensions 3 mm× 3 mm. This platform is backed by a thin-film heater and
a zirconium oxynitride[200] Cernox™[201, 202] sensor (Lakeshore Cryotronics[203]).
Thin wires provide thermal and electrical links to the platform. The sample is mounted
on the platform with the help of a thin layer of thermal grease (we used Apiezon N) in
order to improve the thermal contact and to bound the sample to the platform. The
sample chamber is evacuated to high vacuum by means of a turbo pump. This high
vacuum in the chamber ensures that the thermal link through exchange gas is negligible.
For heat capacity measurements, the temperature range of the standard PPMS extends
between 2 K and 400 K since it works with 4He as cryogenic liquid. An extra option for
this device consists in an 3He cryostat which allows to measure down to 0.35 K. The
3He option uses essentially the same measurement method as the standard 4He option,
with the same possibilities and restrictions concerning to the sample size and geometry.
Therefore, we could easily use the same sample in both devices allowing us to extend the
measured temperature range down to 0.35–0.4 K in most cases.
Thermal Radiation
Shield
Wire Guard
Puck Frame
Sample Holder
Connector
Figure 4.3: Semi-exploded
view of a PPMS puck
In this device, a superconductive magnet provides magnetic
fields up to 13 Tesla at the sample place. The orientation
of this field was perpendicular to the puck platform in the
standard 4He device or parallel to it in the 3He inset. In our
measurements under applied field we used the calibration
files of the packs for the particular measured field.
In order to fulfill as best as possible the requirements
of high thermal conductivity among sample and platform
as well as a high thermal uniformity inside the material we
needed to prepare our samples for the heat capacity mea-
surements. The best shape for a sample in such calorimeter
would be a flat and thin square whose dimensions match
the platform ones. In the case of polycrystalline samples,
this was not difficult to achieve since we worked with hard
synthered pellets. In that case, the optimum shape was
easily obtained by careful sanding a piece of pellet down
to a thickness of about 1 mm or less. In the case of sin-
gle crystals we did not cut them into a square since that
would reduce the amount of sample available for other kind
of measurements. But one of the faces was flattened by pol-
ishing it until a smooth, mirror like, surface was achieved.
This side of the crystals was in contact with the platform
during the heat capacity measurements.
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In order to speed up the measurement process we shortened the measurement steps
by the following method. The heat capacity of the perfectly clean platform is measured
once and defined as the addenda heat capacity, but it does not include the heat capacity
of the grease. After measuring the weight of the clean sample, we apply a thin layer of
Apiezon N grease on the surface that will be in touch with the platform. In order to
improve the thermal conductivity we melt the grease (which then wets the surface of the
sample) by approaching a hot tip to it. Next, we weight both sample plus grease and
estimate the amount of grease by subtracting the weight of the sample. After that we
mount the sample on the platform paying attention that all the grease remain on the
platform. The thermal contact is ensured by pressing down the sample until the excess
of grease appears at the borders of the sample. This excess of grease should be small
otherwise it would produce a relevant extra contribution to the measured heat capacity
and might also disturb the thermal contact among sample and platform. The last step
consists in melting again the grease at the sides of the sample for improving the thermal
contact because in this way the grease also slightly wets the lateral sides of the sample
and distributes more uniformly.
The measured heat capacity thus includes contributions from the platform, the grease
and the sample. For getting the sample heat capacity we subtracted the platform heat
capacity (previously measured as addenda) and the heat capacity of the grease from the
measured total heat capacity. The heat capacity of the grease was calculated using a
polynomial approximation[204, 205] to the known mass specific heat of the Apiezon N
grease, valid between 0.1 and 200 K. In this range of temperatures the behaviour of the
heat capacity of this grease is smooth and can be approximated by such a simple model.
In contrast, at higher temperatures (above 200 K) this grease shows non monotonous
structures in its specific heat, which have been attributed to glass transitions[206–208].
These structures make it difficult to approximate its specific heat with a simple polynomial
in this temperature range. Schnelle et al.[204] used a cubic spline interpolation in the
range 187–320 K. However, we suspect that the error in the estimation of the actual heat
capacity of the grease at these high temperatures is rather large since the behaviour of
the grease in this temperature range was found to be not perfectly reproducible in the
many works that investigated this grease, while, at the same time, these reports largely
agree at low temperatures. Therefore we restricted our measurements to temperatures
below 200 K where we could estimate the heat capacity of the grease with accuracy.
Once the heat capacities from grease and platform were subtracted we obtained the
sample heat capacity (in units of µJ/K). The molar specific seat Cp(T) (in units of
J/molK) of our substance was finally calculated as
Cp(T ) = HCs(T ) × 10−6
(
Molar Weight
Sample Weight
)
(4.7)
since the weight of our sample and the molar weight of the compound were known.
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5 Pb2V5O12: A novel two-dimensional
plaquette lattice antiferromagnet
5.1 Introduction
Pb2V5O12 is a new compound that we found in the system Pb–V–O. It is the first
reported pure V 4+-lead oxide (see the ternary PbO–VO2–V2O5 phase-diagram1 in fig.
5.1). Its structure and composition relate this compound to the broad family of two
dimensional vanadates of general formula A2+V4+n O2n+1 which present different magnetic
ground states depending upon the arrangement of the magnetic cations in the lattice and
the relative strength of the magnetic interactions (many of them generating frustration).
The composition of Pb2V5O12 does not fit in the homologous series A2+V4+n O2n+1 for
n integer, instead, a more general formula has been suggested[209] that encloses also
Pb2V5O12: A2+m V
4+
m+nO3m+2n. This would form the new homologous series shown in Table
5.1. In this series, for m= 1 we have the A2+V4+n O2n+1 group of compounds and for
m= 2 and n= 3 we have Pb2V5O12. This homologous series predicts a complete series of
compounds whose possible existence is worthwhile to be investigated.
n=0 1 2 3 4
m=0 – VO2 VO2 ...
1 AVO3 AV2O5 AV3O7 AV4O9 AV5O11
2 AVO3 A2V3O8 AV2O5 A2V5O12 AV3O7
3
... A3V4O11 A3V5O13 AV2O5 A3V7O17
4 A4V5O13 A2V3O8 A4V7O18 AV2O5
Table 5.1: Compositions for the first members of the proposed A2+m V
4+
m+nO3m+2n homologous
series. Known compounds are shown in bold font.
5.2 Synthesis and structure of Pb2V5O12
Pb2V5O12 small single crystals were first obtained as a secondary, unknown phase
in a batch with composition Pb2V3O9. These crystals were employed for solving the
1Elaborated from the Chemical Database PDF2 (Powder Diffraction File™) of the International Centre
for Diffraction Data.
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Figure 5.1: Ternary phase diagram of PbO–VO2–V2O5. Note that Pb2V5O12 is the only
compound reported in the line VO2–PbO.
structure[209] using the X-ray single crystal diffraction technique2. Once the composition
of this new phase was known, we synthesize polycrystalline samples which were used for
the physical measurements and for neutron powder diffraction (NPD) measurements (in
order to confirm the crystal structure obtained by the single crystal X-ray measurements3).
A further confirmation of the crystal structure was obtained after electron diffraction and
high resolution electron microscopy (HREM) studies were performed4. These results and
the details of these measurements have been published elsewhere[209].
5.2.1 Synthesis
The polycrystalline samples were obtained using the general synthesis procedure for
V 4+ compounds described in chapter 3. We found two possible reaction paths for the
synthesis, one is the direct reaction between PbO and VO2 (path 1) and the other starts
from Pb2V2O7, VO2, and V2O3 as precursors (path 2).
• Path 1:
2 PbO + 5 V O2
650 ◦CGGGGGGGGGGA
24 h
Pb2V5O12 (5.1)
2This was performed by Dr. Roman V. Shpanchenko and Dr. A. M. Abakumov at Chemistry Depart-
ment of the Moscow State University.
3NPD experiments were performed at the IBR-2 pulsed reactor in Dubna (Russland) at 7 K by Dr. D.
Sheptyakov and Dr. A. M. Balagurov from the Frank Laboratory of Neutron Physics, Dubna, Russia.
4By J. Hadermann and G. Van Tendeloo at the EMAT University of Antwerp (RUCA), Antwerp,
Belgium.
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• Path 2:
Pb2V2O7 + V O2 + V2O3
650 ◦CGGGGGGGGGGA
24 h
Pb2V5O12 (5.2)
We tried both finding that path 2 lead by far to better results. Using path 1 the
samples presented some impurity phases and less reproducible magnetic susceptibility
compared to the samples synthesized with path 2. The physical results presented here
were obtained from polycrystalline powder (or pellet-sintered) samples synthesized along
the second reaction path.
5.2.2 Structure
The structure of Pb2V5O12 is monoclinic (space group P2/c) with cell parameters:
a= 8.408(2) Å, b= 5.017(1) Å, c= 11.940(2) Å, β = 98.42(3)◦, Z = 2 and cell volume 498.2 Å3[209].
The atomic positions obtained from single crystal X-ray diffraction are shown in Table 5.2.
The results from the polycrystalline Neutron diffraction confirm these atomic positions.
Atoms x y z Ueq(Å2)
Pb 0.2795(1) 0.3347(2) 0.67824(8) 0.0076
V1 0 0.1183(13) 1/4 0.0052
V2 0.4341(5) 0.1121(9) 0.3847(3) 0.0052
V3 0.1500(6) 0.8747(9) 0.4715(4) 0.0065
O1 0.161(2) 0.553(4) 0.481(2) 0.0127
O2 0.362(2) 0.029(4) 0.5302(15) 0.0101
O3 0.212(2) 0.008(3) 0.8267(14) 0.0048
O4 0.547(2) 0.570(4) 0.630(2) 0.0127
O5 0.062(2) 0.020(4) 0.6054(13) 0.00506
O6 1/2 0.049(6) 3/4 0.00887
O7 0 0.428(5) 1/4 0.00633
Table 5.2: Atomic positions in Pb2V5O12, as obtained from single crystal X-ray diffraction.
In figures 5.2 and 5.3, two views of the Pb2V5O12 crystal structure are shown, along
and perpendicular to the layers of square pyramids, respectively. The structure consists
of V5O12 layers formed by edge- and corner-shared square VO5 pyramids. These layers
are systematically depleted with vacancies in the sites of the pyramids. The Pb2+ cations
are placed above and below this vacancies in the interstices between the layers.
The coordination polyhedra of V4+ are square pyramids. All the oxygen atoms forming
the square bases of the pyramids have similar V–O distances of about 2 Å, whereas the
apical V–O distance is shorter (≃ 1.6–1.7 Å) and corresponds to a double bond (a vanadyl
group). The square pyramids in the structure have an almost ideal shape, the V1 pyramid
being the most regular one. The pyramid containing V3 is slightly more distorted and
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Figure 5.2: View of the Pb2V5O12 structure along the â axis. Pb atoms are shown as dark
grey spheres.
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Figure 5.3: View of the Pb2V5O12 structure along the b̂ axis. The Pb atoms are not shown.
The dashed lines identify the 6-pyramid plaquettes. Lower panel: Detail of the bonds in a
plaquette, also seen along b̂.
that containing V2 is the most irregular one. The Pb cations have the coordination
arrangement of a strongly distorted tetragonal anti-prism where the smaller face is formed
be the O2, O3, O5 and O6 atoms from the pyramids basis. The opposite face is formed
by the O1, O4s and O7 atoms which are the apical vertexes of the pyramids. The lead
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atoms are shifted towards the largest face.
As basic structural units, it is easy to identify the so-called plaquettes, consisting of
six corner-shared pyramids with equal direction of the apical V–O vanadyl bonds (either
above (up) or below (down) the layer plane). These plaquettes have been identified in
fig. 5.3 with dashed lines. In the inset of this figure we enlarged one of the 6-pyramids
groups labeling the constitutive atoms.
The plaquettes with equally oriented apical oxygen atoms are linked via a common
pyramid (with V1 in the center) and form a quasi-one-dimensional ribbon extending along
the a axis. The other V2 and V3 pyramids are placed in the middle and in the unshared
corner, respectively. In this way, this plaquettes are formed by tree rungs: V1–V3, V2–V2
and V3–V1. These ribbons of plaquettes oriented up and down are linked by common
edges on the basal plane of the pyramids, resulting in the V5O12 layers.
Because Pb2V5O12 shares the same construction principles than the vanadates be-
longing to the A2+V4+n O2n+1 homologous series, we found necessary to briefly introduce
them and to shortly review its physical properties for better understanding the magnetic
properties of Pb2V5O12.
5.3 A2+V4+n O2n+1 related compounds
The A2+V4+n O2n+1 homologous series of compounds were intensively studied recently
because most of them were the first experimental examples for some prototypical quasi-
two dimensional magnetic lattices[210]. It has been found that compounds with the same
n value have the same structure and demonstrate closely related magnetic properties.
The construction principles of this family of compounds have been described in detail by
Zavalij et al.[161]. In figure 5.4 we compare the structure of Pb2V5O12 with the known
compounds belonging to this series and corresponding to n= 2, 3 and 4. In this figure the
structures of the calcium (A2+ = Ca) containing compounds have been chosen as examples.
These materials are composed of V4+O5 pyramids which are joined together by corners
or edges (in the basal plane) forming layers. A layer of pyramids is composed of two iden-
tical interpenetrating sub-lattices with their apical oxygens pointing in opposite directions
(in each sub-lattice all apical oxygen point towards the same direction) and connected by
the basal plane. These layers are depleted, presenting systematic and ordered vacancies in
the square pyramids lattice, these vacancies correlates (in this series) with the value of n.
The A2+ cations form a single layer separating the layers of pyramids, these cations being
placed above the positions of the pyramids vacancies. The ratio between the amount of
A2+ and vanadium in the formula unit is the degree of depletion (or condensation) in the
pyramids layers (what is the same as 1/n in the serie A2+V4+n O2n+1).
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Figure 5.4: Comparison between Pb2V5O12 structure and the known compounds of the series
A2+V4+n O2n+1 (this structures correspond to the compounds with Ca as A
2+ cation). a)
AV2O5, b) AV3O7, c) AV4O9, d) A2V5O12.
5.3.1 n = 2: A2+V2O5
The compounds with general formula AxV2O5 (fig. 5.4.a) form a broad family of
compounds known as vanadium bronzes in which A is not only a divalent cation (alkaline-
earth metal), but it can also be a monovalent one (alkaline metals). The end members
of this family are the compounds AV2O5 (A = Li, Na, Cs, Mg and Ca) in which the
sites between the V2O5 layers are fully occupied by A cations. The structure is formed by
double chains of edge-shared distorted VO5 square pyramids running along the b̂ direction
of the unit cell. These chains are linked by corners within the a-b layers. In this structure
every pyramid shares one corner and two edges. The vanadium valence is driven by the
composition of the intercalation layer. For fully occupied A1+ we have V4.5+ whereas for
A2+ all the vanadium atoms are in the 4+ oxidation state. Intermediate values in the
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vanadium oxidation state are easily attainable either by partial removal of the A cation or
by partial substitution between A1+ and A2+. This flexibility resulted in many interesting
compound whose physical properties have been studied intensively and summarized in two
reviews by Y. Ueda[12, 26].
As an example, we mention here the magnetic properties of CaV2O5 (and the struc-
turally similar MgV2O5)[12]. The magnetic lattice corresponds to a Trellis Lattice[211]
formed by two-leg ladders with a frustrating inter-ladder coupling. As is expected for the
even-leg ladders[212, 213], the ground state is a non ordered state with a gap in the mag-
netic excitation spectra[214]. The gap is rather large for CaV2O5 with ∆ ≃ 500 K[10, 215].
In MgV2O5[216] the spin-gap is much weaker[217] (about 20 K) being even not evidenced
for some experimental techniques[218]. The reason for this difference lies in the strong
distortions in the pyramids layer introduced by the smaller atomic radius of Mg in com-
parison to Ca[210, 219].
5.3.2 n =3: A2+V3O7
For n= 3 we have the compounds CaV3O7[220, 221] and the isostructural SrV3O7[222].
Their structure is formed by infinite ribbons along â made of tree chains of pyramids linked
by corners[222]. These ribbons joins together by edges forming compact layers. The basic
structural units are 4-pyramids plaquettes which are linked by one common pyramid
thus forming one-dimensional ribbons. In this structure, 2/3 of the pyramids have three
common edges and 1/3 have only two.
Both compounds present low dimensional magnetic behaviour, e.g. in the tempera-
ture dependence of χ(T) presenting a broad maximum at about 80 K (CaV3O7) or 110 K
(SrV3O7). These relatively high maximum temperatures imply strong exchange constants
whose values and arrangement were calculated by Korotin et al.[210] and Whangbo et
al.[223]. Despite the rather large in-chain interaction J ≃ 75 K, at TN ≃ 23 K CaV3O7 de-
velops a magnetic phase transition towards a stripe order antiferromagnetic state. This or-
der is stabilized (instead of the Néel one) because of the strong quantum fluctuations gen-
erated by the important frustration introduced by the interaction between ribbons[221].
SrV3O7 presents a similar physical behaviour with TN ≃ 34.3 K as deduced from a neutron
scattering investigation[224]. In contrary to the results of Kontani et al.[221], the ab initio
calculations of Korotin et al.[210] gave as result that there are ferromagnetic interactions
on the short three-atoms rungs with a value of about -14 K. This arrangement of antifer-
romagnetic and ferromagnetic interactions would lead naturally to the observed order and
no quantum fluctuation effects are necessary for explaining this kind of magnetic lattice
in the ordered state.
5.3.3 n =4: A2+V4O9
Only two compounds have been found to form with this stoichiometry, namely CaV4O9
[225, 226] and SrV4O9[227]. These compounds have a structure composed of an ar-
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rangement of 4-pyramid plaquettes as in A2+V3O7, but linked by corners forming a two-
dimensional system. The magnetic intra-plaquette coupling has been found to be much
stronger than the interaction between plaquettes[228]. Therefore, the magnetic lattice
can be seen as composed of 4-spins clusters placed into a two-dimensional square lattice
with a relatively weaker inter-cluster coupling.
CaV4O9 shows a magnetic susceptibility with a broad maximum (T
χ
Max ≃ 120 K)[229]
and a marked decrease towards χ(T = 0) = 0 for lower temperatures suggesting a gapped
singlet ground state. This ground state has been widely accepted to be a 4-spin singlet
called a Plaquette Resonating-Valence-Bond (PRVB) state[230]. This is a spin-liquid
ground state (because of the purely short-range spin correlations) and is a intra-plaquette
realization of the unique and coherent singlet ground state proposed by Anderson in the
context of the 2D S = 1/2 Heisenberg Antiferromagnet and called Resonating valence-
bond (RVB) state[231, 232]. From the susceptibility and NMR measurements[233], it was
possible to obtain the value of the excitation gap: ∆≃ 107 K. SrV4O9 has been much
less studied and only preliminary χ(T) measurements are available in the literature[227].
These data showed that the magnetic behaviour of SrV4O9 is extremely similar to that
of CaV4O9.
5.3.4 Pb2V5O12
Considering the structural similarities between Pb2V5O12 and the A2+V4+n O2n+1 series
of compounds, one may expect closely related magnetic properties. Therefore, we expected
an essentially 2D magnetic behaviour with interaction strengths of the same order of
magnitude as in the previous compounds (≃ 100 K). Which ground state is realized in
Pb2V5O12? It is not possible to be predicted a priori because of the novel arrangement of
the magnetic moments and the already rich phenomenology found on the A2+V4+n O2n+1
materials.
In the following we present our magnetic susceptibility and specific heat measurements
performed in polycrystalline samples of Pb2V5O12, trying to give a first characterization
of its magnetic properties and some hints about the nature of its ground state.
5.4 Physical properties of Pb2V5O12
We performed magnetic susceptibility (χ(T)) and specific heat (Cp(T)) measurements
only on polycrystalline samples due to the lack of large Pb2V5O12 single crystals. The
measurement techniques and the equipment we used were described in chapter 4.
5.4.1 Magnetic susceptibility χ(T):
In fig. 5.5 we show the temperature dependence of the magnetic susceptibility χ(T)
of the most pure sample (as determined by powder X-ray phase analysis) of Pb2V5O12
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Figure 5.5: Magnetic susceptibility vs. temperature of Pb2V5O12 at an applied magnetic field
of 1Tesla (1×104 G). Inset: Derivative of the magnetic susceptibility showing a clear kink at
TTr ≃ 26K suggesting that a magnetic phase transition towards an ordered state takes place.
in an applied magnetic field of 1 Tesla. Whereas at high temperatures χ(T) was very
similar for the different samples, differences were observed at low temperatures in less
pure samples. χ(T) increases below 400 K with decreasing temperature and presents a
broad maximum at around 116 K. A Curie-Weiss fit to the data above 200 K leads to a
Weiss temperature θW ≃ 345± 40 K and an effective moment µeff = 1.86 µB per Vanadium
atom, quite close to the value of 1.73 µB expected for a V4+ state. This indicate that all
the vanadium atoms are in the V4+ oxidation state, as expected. The broad maximum
at 116 K is typical for low dimensional systems. A similar maximum was observed in all
the studied materials of the group A2+V4+n O2n+1.
Below 116 K χ(T) decreases towards a minimum at around 15 K and increases again
towards low temperatures. The Curie-like increase at low temperatures is attributed to
defects and impurities. A closer inspection of the data at lower temperatures reveals a
small anomaly at around 26 K, which is clearly confirmed by the derivative ∂χ/∂T (See
inset in fig. 5.5). This anomaly suggests an antiferromagnetic transition.
Unfortunately, this magnetic lattice is so new that no theoretical studies were yet
performed for this type of lattice. Therefore, an estimation of the main exchange constants
would be delayed until a reliable theoretical model for such a magnetic lattice is developed
or neutron scattering measurements are performed.
Because of the quasi-one-dimensional arrangement of the pyramids (which forms rib-
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bons), a very preliminary approximation to this magnetic lattice may consist in the ap-
plication of the results for a one-dimensional Heisenberg chain[234, 235]. In this model,
the temperature at which the maximum in χ(T) (TχMax) occurs is related to the exchange
parameter J1D as: T
χ
Max ≃ 0.640824 J1D. In the case of Pb2V5O12 TχMax ≃ 116 K what
gives J1D ≃ 181 K. This rather large J1D value can be attributed to the exchange between
V4+ cations in a plaquette trough O(2), O(3), O(5) or O(6). Since the arrangement of the
magnetic moments forms a two-dimensional lattice, other possible approximation (also
rather crude) is to consider the antiferromagnetic square-lattice model. In this model
the value of J2D can be estimated from the maximum in χ(T) as: T
χ
Max ≃ 0.94 J2D[236].
Considering that TχMax ≃ 116 K in Pb2V5O12 we get that J2D ≃ 122 K.
5.4.2 Specific heat Cp(T):
Figure 5.6: Specific heat vs. temperature of Pb2V5O12 without applied field. At TN ≃ 26K a
small anomaly is visible. Inset: Cp/T vs.T2 at low temperatures (2K < T < 10K) showing the
T3 dependence of the Pb2V5O12 specific heat when approaching T = 0.
The results of specific heat measurements (figure 5.6 and 5.7) show a small, but well
defined anomaly at 26 K, confirming the occurrence of a transition at this temperature.
A very crude estimation of the entropy related to the transition gives ∆S≃ 0.8 J/moleK.
This correspond to the entropy at 26 K of an S = 1/2 Heisenberg chain with J ≃ 180 K,
as if we would observe at this temperature the long range ordering of the plaquettes,
the internal degree of freedom having already been frozen out at higher temperatures.
Specific heat measurements under magnetic field (fig. 5.7) indicates that this transition
is rather insensitive to an applied magnetic field up to 6.5 Tesla. This is not surprising if
one considers the order of magnitude (∼ 100 K) expected for the exchange constants.
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Figure 5.7: Cp/T vs.T of Pb2V5O12 for three different fields: 0T, 3T and 6.5T. At
TN ≃ 26K a clear anomaly indicates that a second order magnetic phase transition takes
place. Evidently, this transition is field insensitive up to H = 6.5Tesla.
The relatively high magnetic exchange constants, expected from the position of the
maximum in χ(T), would produce a typical magnetic specific heat whose maximum
would be located at TCpMax ≃ 0.481 J1D (Bonner-Fisher result[234]) if the magnetic lat-
tice is an uniform S = 1/2 one-dimensional Heisenberg chain. In the case of a pure two-
dimensional S = 1/2 Heisenberg square lattice the relation between TCpMax and the exchange
constant is predicted to be TCpMax ≃ 0.6 - 0.7 J2D [236–242]. The value of J for the one and
two dimensional cases were estimated from the maximum in χ(T) as J1D ≃ 181 K and
J2D ≃ 122 K. With these values we estimated that the temperature at which the specific
heat of Pb2V5O12 would have a maximum would lie at approximately 87 K (1D Heisenberg
Antiferromagnet) or between 73 and 85 K for the case of a two-dimensional Heisenberg
Antiferromagnet. At these temperatures the phononic contribution to the total specific
heat will be clearly dominant making impossible to resolve the magnetic contribution.
For this reason it is almost impossible to perform a detailed analysis of the pure mag-
netic specific heat of Pb2V5O12. It has more sense to study the low temperature part
of the specific heat analyzing its dependence on temperature because the phonons have
a temperature dependency proportional to T3 whereas the magnetic specific heat may
have a different functional behaviour depending upon the dimensionality of the magnetic
lattice. In Pb2V5O12, at low temperatures (see inset in fig. 5.6), no linear or quadratic
term (proportional to T or T2 respectively) can be resolved in the specific heat besides
the T3 term related to phonons and possibly to magnons. This would indicate that the
ordered magnetic lattice at this temperatures behaves as three-dimensional.
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Unfortunately, an homologue compound with a non magnetic ion in the vanadium
place like e.g. Pb2Ti5O12, which would allow an approximate subtraction of the phonon
specific heat contribution, could not yet been synthesized.
5.5 Discussion and conclusions
5.5.1 Structure
As we already pointed out, Pb2V5O12 does not belong to the homologous series
A2+V4+n O2n+1 for n integer, but if we divide the formula unit by two we get: PbV2.5O6
meaning that Pb2V5O12 may be described by this general formula but with n= 2.5. A
more general homologous series was proposed[209] based on two parameters m and n,
namely A2+m V
4+
m+nO3m+2n. In this case, the degree of condensation of the lattice is the
ratio m/(n+m). In the case of Pb2V5O12 m/(n+m)= 2/5 = 0.4, intermediate between
AV2O5 (0.5) and AV3O7 (0.33). The compounds AVO3 which has a 1:1 relation between
A2+ and V4+ have the simple perovskite structure (SrVO3 and CaVO3, for instance). In
this structure, the layers of V4+ octahedra are depleted in a ratio 1:1 between occupied
sites and empties ones and the A2+ cations are located just over them in the space be-
tween V4+ layers with an octahedral coordination. We consider that this is the parental
structure from which the rest of the compounds on these series are constructed. When
m and n are larger or equal to 1, the removed A2+ cations are correlated with occupied
pyramid sites. In this way now the pyramids in the layers will no longer share only cor-
ners (like in the perovskite structure) but also edges increasing the condensation of the
pyramids in the layer.
The existence, or not, of a given structure will be determined by the chemical character-
istics of the A2+ cations. The fact that there is no reported compound with Pb belonging
to the A2+V4+n O2n+1 series but, instead, a completely new compound structurally inter-
mediate between AV2O5 and AV3O7 was formed supports this idea that, perhaps, some
structures may exist only for some A2+ cations (like in the case of AV3O7 and AV3O9)
or even for only one (like Pb2V5O12?). This scenario may also be supported for some
preliminary results that we obtained when attempting, in cooperation with the group of
Dr. Roman Shpanchenko (Dep. of Chemistry, Moscow State University), to synthesize
some of the A2+V4+n O2n+1 compounds with Pb as A
2+. This attempts were markedly
unsuccessful5 whereas an attempt for getting Sr2V5O12 gave only SrV3O7 as the mayor
phase, being almost pure.
5.5.2 Magnetic properties
If we compare the magnetic properties of Pb2V5O12 with those of the compounds
belonging to the A2+V4+n O2n+1 group, we find that the overall temperature dependence
5However, very recently R. V. Shpanchenko and coworkers succeed in the synthesis of PbVO3 but only
after applying high pressures (40–60 kbar)[129].
50
5.5 Discussion and conclusions
of χ(T) is rather similar to that observed in CaV3O7 and SrV3O7. The major difference
being the ratio between the maximum in χ(T) (TχMax) and the ordering temperature (TN):
TχMax/TN is larger in Pb2V5O12 (4.4 in Pb2V5O12, 3.5 in CaV3O7 and 3.2 in SrV3O7). This
points to stronger frustration or quantum fluctuation effects in Pb2V5O12 in comparison
to the AV3O7 compounds. This similitude with the AV3O7 within the A2+V4+n O2n+1 series
may be explained by some parallelism in the structure. Both kind of structures present
a clear quasi-one-dimensional arrangement of plaquettes (4-spins plaquettes for AV3O7
and 6-spins plaquettes for Pb2V5O12) which are connected by a common pyramid forming
ribbons.
For an explanation of the origin of the magnetic behaviour in Pb2V5O12 we need to
discuss the kind of magnetic superexchange that is expected for this compound based on
the already known magneto-structural relations and the internal properties of the S = 1/2
V4+ cation.
Pyramids Up
Pyramids Down
J
J’
Figure 5.8: View of the proposed Pb2V5O12 magnetic structure.
The unpaired d electron of V4+ in pyramidal coordination is expected to occupy the
dxy orbital parallel to the basal plane[14, 164, 243] because of the strong crystal field
splitting of the t2g levels in the pyramidal symmetry. It was found that in magnetic
lattices composed of V4+ in pyramidal coordination, the superexchange interaction should
be stronger across corners shared by coplanar pyramids (V–O–V angle of approx. 140◦)
than across an edge shared by two pyramids whose apical oxygen are on opposite sides of
the basal plane (with V–O–V angle approx. 90◦). This result was confirmed by ab initio
LDA+U[210] and molecular orbital calculations[223] for the layered A2+V4+n O2n+1. It was
found that the tilting of the pyramids strongly influences the interaction strengths being
a good example the differences between MgV2O5 and CaV2O5. For this reason, it is not
easy in vanadates to estimate a priori the strength of an interaction across a linkage but
some approximate model may be constructed with the general results above stated.
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In the case of Pb2V5O12, a possible magnetic lattice is shown in the figure 5.8 where
the circles indicate the magnetic vanadium atoms. We propose that the stronger magnetic
interaction will run across the oxygen atoms in the corner-shared pyramids (O2, O3, O5
and O6) and we call it J (continuous line). This interaction should be antiferromagnetic
as is deduced from the χ(T ) data and the results from similar compounds. A weaker
interaction across the edges between pyramids belonging to different sub-lattices is also
expected. We call this interaction J ′ (dashed segments). The sign of this interaction J ′
may even be ferromagnetic, as it has been estimated for the exchange across a similar
linkage in the compounds CaV2O5 and CaV3O7[210].
If we analyze the proposed magnetic lattice with an antiferromagnetic coupling within
each plaquette (J), we see that the magnetic coupling between up and down plaquettes
(J ′) is strongly frustrated. This would generate strong quantum fluctuation effects.
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and related compounds
In this chapter we will present the results of our research on vanadium compounds
with a predominantly two-dimensional structure and magnetic properties typical of frus-
trated quasi-two-dimensional, S = 1/2, Heisenberg antiferromagnets. These compounds
are Pb2VO(PO4)2, BaZnVO(PO4)2, SrZnVO(PO4)2, Li2VOSiO4 and Li2VOGeO4. Among
them, Pb2VO(PO4)2 is completely new, being a result of the search for new compounds
during the initial stages of this doctoral work. We also performed here the first physi-
cal studies on the structurally related BaZnVO(PO4)2[244] and SrZnVO(PO4)2[245], for
which only the structural characterization was available in the literature. The main con-
clusion of our experimental work on these compounds is the discovery that these vanadium
phosphates are the first studied cases of a ferromagnetic square lattice with a diagonal,
frustrating, antiferromagnetic interaction.
Four years ago, the related compounds Li2VOSiO4 and Li2VOGeO4[246–248] were
claimed to be the first experimental examples of frustrated antiferromagnetic square lattice
systems. However, the physical scenario in these two compounds is still controversial[2,
249]. Therefore we decided to synthesize our own samples of these two interesting ma-
terials in order to perform new physical measurements attempting to elucidate the dis-
agreement found in the literature.
6.1 Introduction
The conservation of the structure when substituting P5+ for V5+ in Sr2V3O9, forming
Sr2VO(PO4)2[250] inspired us to investigate whether the same happens in the case of
Pb2V3O9[251]. This compound has a structure similar to that of Sr2V3O9, but more
distorted because the Pb2+ stereochemical lone pair of electrons induce an anisotropic
coordination polyhedra around the cation[252]. This drives the symmetry of the whole
lattice from monoclinic (Sr2V3O9) to triclinic (in Pb2V3O9) and introduces differences in
the ordering of the vanadyl bonds, which would be crucial for the physical properties.
The reported magnetic properties of Pb2V3O9 indeed differ from the Sr2V3O9 ones[253].
We were also interested in the relevance for the magnetic properties of the V5+ by P5+
substitution inside the bridging tetrahedra in the Pb2V3O9 structure. In the Sr containing
system this kind of replacement produced a dramatic change of the interaction strengths
across this polyhedra (as we report in chapter 7).
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The first synthesis attempt resulted in an emerald-green product. The powder X-ray
diffraction analysis showed that it was, indeed, a new compound. The homogeneity of
the sample and the lack of diffraction peaks belonging to known compounds indicated
that the composition would be the searched for: Pb2VO(PO4)2. Later, from a melted
batch, we obtained small single crystals which were used for the structure determination
by single crystal X-ray diffraction.
Once the structure was clearly determined, we realize that Pb2VO(PO4)2 is struc-
turally close to the compounds Li2VOSiO4 and Li2VOGeO4[246] which were identified
by Melzi et al.[247, 248] as being the first prototype compounds of the frustrated square-
lattice Heisenberg antiferromagnet. Therefore, we started a detailed study of the physical
properties of Pb2VO(PO4)2 based on magnetic susceptibility and specific heat measure-
ments, performed initially on polycrystalline samples and later on a single crystal.
With the development of a High Temperature Series Expansion (HTSE) for the sus-
ceptibility and specific heat of the frustrated square lattice system by Rosner et al.[249], we
were able to determine the magnetic superexchange strengths in Pb2VO(PO4)2. These
results revealed a very important difference between Pb2VO(PO4)2 and the previously
known Li vanadium silico-germanates: Pb2VO(PO4)2 is formed by a ferromagnetic square
lattice that is frustrated through an antiferromagnetic diagonal interaction whose strength
is even stronger than the ferromagnetic interactions on the sides of the square.
The interpretation of the experimental data on Li2VOSiO4 and Li2VOGeO4 in the
work of Melzi et al.[247, 248] does not agree with the determination of the main in-
teractions calculated by Rosner et al.[2] using a two-band tight-binding model fitted to
a band structure calculated within the Local-Density Approximation (LDA). This im-
portant discrepancy and the close relation between these compounds and Pb2VO(PO4)2
stimulated us to re-investigate the physical properties of Li2VOSiO4 and Li2VOGeO4. We
synthesized new, good quality, polycrystalline samples of these materials and measured
their magnetic susceptibility and specific heat. These data were fitted with the HTSE of
Rosner[249] resulting in new values for the interaction strengths. Our results are in very
good agreement with the scenario suggested by Rosner et al.[2, 249].
In continuation of the work on Pb2VO(PO4)2 and on the Li compounds, we found
in the literature that Meyer et al. synthesized two compounds, BaZnVO(PO4)2[244] and
SrZnVO(PO4)2[245], compositionally and structurally close to Pb2VO(PO4)2. But no
physical studies were performed on them so far. For this reason we synthesized both ma-
terials in polycrystalline form and studied their magnetic properties by means of magnetic
susceptibility and specific heat. The work done on these two compounds indicated that
they were physically very close to Pb2VO(PO4)2, but with slightly different interaction
strengths. These compounds were also found to be ferromagnetic square-lattice Heisen-
berg systems with an antiferromagnetic frustrating interaction confirming the physical
scenario proposed for Pb2VO(PO4)2.
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6.2 Synthesis and structure of Pb2VO(PO4)2
6.2.1 Structure
The structure of Pb2VO(PO4)2 was determined by the single crystal X-ray diffraction
technique. We used small, transparent-green, plate-like single crystals obtained by cooling
a stoichiometric mixture of Pb2P2O7 and VO2 from 875 ◦C down to 700 ◦C during 24h in
a platinum crucible under dynamic vacuum followed by free furnace cooling. The data
collection was performed on a CAD-4 diffractometer at room temperature1. The details of
the structure determination are going to be published elsewhere[254]. In table 6.1 we list
the atomic positions obtained for Pb2VO(PO4)2 while in table 6.2 we present a summary
of the main interatomic distances.
Pb2VO(PO4)2 crystallize in the monoclinic system (space group: P21/a) with lattice
parameters a= 8.747 Å, b= 9.016 Å, c= 9.863 Å and β = 100.96◦. Because of the low struc-
ture symmetry eight formula units are contained in one unit cell (Z = 8). In figure 6.1a,
6.1b and 6.1c, three views of the Pb2VO(PO4)2 structure are shown along [100], [010] and
perpendicular to the ab plane, respectively. This structure is formed by [VOPO4] layers
that extend parallel to the ab plane being separated by lead atoms and isolated PO4
tetrahedra. In this compound the vanadium ion is in the oxidation state 4+, implying a
d1, S = 1/2, magnetic configuration. The V4+ cation is coordinated by five oxygen anions
forming a slightly distorted square pyramid. In Pb2VO(PO4)2 there is only one vanadium
position, V1. As is typical for V4+ compounds, a short V1–O9 bond length (O9 being
the apical oxygen) of about 1.6 Å (see Table 6.2) reveals the existence of a vanadyl double
bond V=O. The other four oxygen ions, which form the basal plane of the pyramids, are
situated at the typical distance of about 2 Å from the vanadium.
The vanadium ion inside the pyramid is placed at a distance of ≃ 0.32 Å to the line
joining O5 to O7 or ≃ 0.38 Å to the line that joins O6 to O1. This shows that the base
of the pyramid is not flat (the four oxygen atoms do not lie in the same plane) but has a
slight bi-pyramidal distortion. Apart of these five surrounding oxygen ions, there is a sixth
one (O2) at a distance of 2.43 Å (see fig. 6.2) which would form a distorted octahedron
(the O9–V1–O2 angle being 169.8◦). This V1–O2 distance is normally considered too far
from the vanadium for generating an effective linkage[161, 162]. Thus, the most suitable
coordination for the V4+ is the proposed, slightly distorted pyramidal one.
The P5+ coordination is the typical tetrahedral one with P–O distances of about 1.52
to 1.55 Å (see Table 6.2) implying that the tetrahedra are also not perfectly regular. There
are two inequivalent phosphorus positions: P1, which belongs to the [VOPO4] layer, and
P2, which is placed in the interlayer zone.
The structure of a [VOPO4] layer is composed of V4+O5 pyramids whose apex oxygen
alternates (pointing up and down with respect to the layer) along the directions [100] and
1These measurements and the determination of the structure were performed by Dr. Roman V. Sh-
panchenko and Dr. A. V. Mironov (group director: Dr. E. V. Antipov) at the Chemistry Department
of the Moscow State University. The crystals employed were synthesized by the author
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Pb1
Pb2
V1
P2
P1
a
b
c
Figure 6.1: Views of the Pb2VO(PO4)2 structure along â, b̂ and the direction perpendicular to
the layers (insets a, b and c respectively). The dashed square in the lower panel indicates the
basic sub-lattice unit composed by second-neighbor pyramids.
[010] forming a chessboard like arrangement. These two groups of pyramids are placed
in a compact manner such that the apex oxygen of one subgroup lies at the level of the
basal plane of the other one. The PO4 tetrahedra are placed among the VO5 pyramids,
sharing all their apices with them in such a way that two oxygen ions are shared with
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Atoms x y z Ueq(Å2)
Pb1 0.48077(6) 0.19213(5) 0.35760(5) 0.0150(1)
Pb2 0.89549(6) 0.14649(5) 0.71406(5) 0.0143(1)
V1 0.2558(2) 0.4989(2) 0.0624(2) 0.0091(5)
P1 0.2688(4) 0.5484(4) 0.4271(3) 0.0114(7)
P2 0.0044(3) 0.2488(3) 0.0325(3) 0.0074(7)
O1 -0.0738(11) 0.1499(10) 0.1287(8) 0.012(2)
O2 0.3357(12) 0.5883(12) 0.2976(10) 0.022(3)
O3 0.2525(11) 0.3794(10) 0.4374(10) 0.017(3)
O4 0.1030(10) 0.6168(10) 0.4107(9) 0.014(2)
O5 0.1147(10) 0.3504(10) 0.1297(9) 0.013(2)
O6 -0.1106(10) 0.3366(10) -0.0723(9) 0.013(2)
O7 0.0827(11) 0.1480(10) -0.0609(8) 0.013(2)
O8 0.3754(12) 0.6003(11) 0.5603(11) 0.023(3)
O9 0.2172(11) 0.4665(11) -0.1003(9) 0.017(2)
Table 6.1: Atomic positions in Pb2VO(PO4)2.
one subgroup of pyramids and the other two with the other one. The pyramids share all
their basal oxygen with the PO4 groups (see fig. 6.1). In Pb2VO(PO4)2 this layer has a
commensurate modulation with propagation vector parallel to the b axis with the same
periodicity as the lattice.
The coordination polyhedra of the Pb1 and Pb2 ions (see fig. 6.2) is considered to be
formed by 7+2 oxygen ions because there are 7 oxygen ions placed at a distance between
2 and 3 Å and two more at a bigger distance of about 3.4 Å (in Pb1) or 3.2 Å (in Pb2)
(see table 6.2). The space between the Pb atoms and this more separated oxygens has
enough room for allocating the 6S2 stereochemical lone pair of electrons typical of the
Pb2+ cation[252, 255]. The ligands arrangement forms a rather irregular polyhedra for
both Pb1 and Pb2 leading to two appreciably different sites. This is stressed by the fact
that in BaZnVO(PO4)2[244] and in SrZnVO(PO4)2[245] the lead sites are occupied by two
cations with very different ionic radius: Sr2+ and Ba2+ fill the Pb1 position while Zn2+ is
placed at the Pb2 one.
6.2.2 Synthesis of polycrystalline samples
Polycrystalline samples of Pb2VO(PO4)2 were synthesized according to the general
method for polycrystalline V4+ compounds presented in chapter 3 by means of the fol-
lowing reaction:
Pb2P2O7 + V O2
675 ◦CGGGGGGGGGGA
24 h
Pb2V O(PO4)2
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Label Atoms Distance [Å] Label Atoms Distance [Å]
1 Pb1–O8 2.3137 17 Pb2–O2 3.1196
2 Pb1–O3 2.4441 18 Pb2–O1 3.3255
3 Pb1–O4 2.6188 19 V1–O9 1.6012
4 Pb1–O1 2.6352 20 V1–O7 1.9519
5 Pb1–O5 2.7521 21 V1–O6 1.9674
6 Pb1–O3 2.8381 22 V1–O5 2.01764
7 Pb1–O4 2.9937 23 V1–O1 2.0198
8 Pb1–O9 3.4506 24 V1–O2 2.43114
9 Pb1–O9 3.4650 25 P1–O8 1.53254
10 Pb2–O2 2.4331 26 P1–O3 1.5355
11 Pb2–O4 2.4648 27 P1–O2 1.54519
12 Pb2–O7 2.4953 28 P1–O4 1.5558
13 Pb2–O8 2.6797 29 P2–O6 1.5204
14 Pb2–O6 2.7247 30 P2–O5 1.5289
15 Pb2–O3 2.7870 31 P2–O7 1.5439
16 Pb2–O9 2.8122 32 P2–O1 1.5525
Table 6.2: Main interatomic distances in Pb2VO(PO4)2. This labels are used in fig. 6.2 for the
identification of the bonds.
This reaction was performed using platinum crucibles in a dynamically evacuated
horizontal tube furnace. The reactants were pressed into pellets of 1 cm in diameter
at about 30 kN of applied force. Polycrystalline Pb2VO(PO4)2 has a pale-green color.
Pb2P2O7 was obtained from a stoichiometric mixture of NH4H2PO4 and PbO reacted in
air at about 750 ◦C for 12 h into a box furnace according to the following reaction:
2 PbO + 2 (NH4)H2PO4
750 ◦CGGGGGGGGGGA
12 h
Pb2P2O7 + 2 NH3 + 3 H2O
The purity of the products of these reactions was checked by means of the standard
powder X-ray diffraction technique analyzing the phase composition. Only good quality
samples were used for physical measurements.
6.3 The 2D frustrated quantum Heisenberg
antiferromagnet
6.3.1 Introduction
Now that we have introduced the structural aspects of Pb2VO(PO4)2, it is necessary
to perform a small review of the physical model applied to the magnetic lattice existing in
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Figure 6.2: Cationic coordination polyhedra in Pb2VO(PO4)2. The numbers on the Pb atoms
polyhedra are the labels of the bonds given in Table 6.2. In the case of the P1, V1 and P2
polyhedra the labels have been omitted for clarity and because there is no possibility of
confusion.
this compound. We shall start with an experimental approach presenting the compounds
which were identified as the first examples of a frustrated square lattice, Li2VOSiO4 and
Li2VOGeO4. Then we shall review the relevant theoretical model, which is also known as
the J1 − J2 model.
6.3.2 The first examples: Li2VOSiO4 and Li2VOGeO4
Li2VOSiO4 and Li2VOGeO4 are isostructural to the non-magnetic Ti4+ (S = 0) titano-
silicates[256, 257] and titanogermanates[258] of general formula A1+2 TiOXO4 (A
1+ = Li,
Na; X = Si, Ge). The parent compound is the mineral Natisite: Na2TiOSiO4[257]. The
structure of Li2VOSiO4 is shown in figure 6.3. In the upper part of this figure a view of the
structure parallel to the layers is shown whereas in the lower part the structure is viewed
along c axis (perpendicular to the layers). In table 6.3 the main structural parameters of
Li2VOSiO4 and Li2VOGeO4 have been summarized.
These compounds have a highly symmetric tetragonal structure in which the [VOSi(Ge)O4]
layers are separated by only one single layer of Li atoms. The structure of the layers is
the same as that described for Pb2VO(PO4)2, with the difference that these layers are
completely flat and undistorted. All the coordination polyhedra (the V4+ pyramids and
the Si4+O4 and Ge4+O4 tetrahedra) are completely regular. Therefore there are only two
types of oxygen ions: the apical (O1) and the equatorial ones (O2). Both structures are
identical, except for a small increase in the tetrahedra size because of the bigger Ge4+
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Figure 6.3: Structure of Li2VOSiO4. Inset a: View parallel to the [VOPO4] layers. Inset b:
View parallel to c axis. The Li cations are shown as grey spheres. The dashed square indicates
the 2D-square lattice formed by the J1 interaction that is frustrated by the J2 one represented
by the dotted lines.
ionic radius compared to the Si4+ one. This leads to an increase of all cell parameters
enlarging the cell volume in Li2VOGeO4 compared to Li2VOSiO4. More structural details
of these compounds may be found in the work of Millet and Sato[246].
From the physical point of view, the [VOAO4] (A = P5+, Si4+ or Ge4+) layers are
composed of magnetic V4+, S = 1/2 cations (pyramidally coordinated by five oxygen ions),
whose nearest neighbors (NN) are four V4+ placed in pyramids pointing in the opposite
direction. The next-nearest neighbors (NNN) are further four V4+ placed on pyramids
with the same orientation (therefore belonging to the same sublattice). From this topology
one expects two possible superexchange interactions between the V4+ to be dominant:
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Li2VOSiO4 Li2VOGeO4
lattice par. [Å] a = 6.3682 a = 6.487
c = 4.449 c = 4.517
Vol. [Å3] 180.42 190.08
Z 2 2
Space Group P4/nmm P4/nmm
V-O1 [Å] 1.62922 1.62115
V-O2 [Å] 1.95862 1.95175
V-O1trans [Å] 2.81978 2.89585
O2-O2 [Å] (Pyr.) 2.64326 2.62285
Si(Ge)-O2 [Å] 1.6332 1.7385
O2-O2 [Å] (J2) 2.63007 2.77773
O2-O2[Å] (J1) 2.68532 2.86910
Table 6.3: Main structural parameters of Li2VOSiO4 and Li2VOGeO4. The notation
"O2-O2[Å](Pyr.)" corresponds to the interatomic distance between oxygen atoms in the base of
the pyramid, while "O2-O2[Å](Ji)" (with i= 1, 2) corresponds to the inter-oxygen distance in
the side of the tetrahedra involved in the exchange path of the interaction Ji.
one between NN, called J1 with two possible superexchange paths and one between NNN:
J2 which involves only one superexchange path (see fig. 6.3.b). It is very difficult to
predict a priori the strength of such interactions because J1 profits from the shorter
distance between cations and has two possible paths, but it couples vanadium ions placed
into pyramids pointing in opposite directions with bases at different level. On the other
hand, J2 runs over one, straight, pathway across a tetrahedra between pyramids at the
same height, but the distance between V4+ is larger. Both interactions involve an AO4
tetrahedra as part of the superexchange path making it even more difficult to perform a
prediction on the basis of simple considerations.
A third interaction perpendicular to the layers (J⊥) is also possible but it was found to
be smaller (in Li2VOSiO4 and Li2VOGeO4) than the in-plane interactions[2], supporting
a quasi-two-dimensional scenario for these compounds.
The arrangement of the magnetic cations, in the smallest structural unit, forms a
square lattice with the interaction J1 along the sides of the square and the frustrating
interaction J2 along its diagonal (as shown in fig. 6.3.b). For this reason this magnetic
lattice has been identified as a frustrated two-dimensional square-lattice antiferromagnet,
also called the J1−J2 model. A very interesting physical behaviour is predicted depending
on the relative magnitude of J1 and J2 and the possibility that this interactions may be
either ferromagnetic or antiferromagnetic[1].
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6.3.3 The J1 − J2 model
Now, we shall present the J1−J2 model starting from the parent unfrustrated case, the
two-dimensional square lattice antiferromagnet. The influence of the frustration in the
well studied two-dimensional lattice makes of the J1−J2 model a very interesting subject
of research. This system presents a rich phase diagram[1] as a function of frustration
which is, at the present, strongly investigated theoretically. However, this topic suffered
from the lack of suitable materials for testing the theoretical predictions.
The discovery of the High-Temperature superconductors (HTSC) gave renewed im-
pulse to the investigations on the J1 − J2 model because of the very early proposition of
Anderson[231, 259] that for small spin values, strong quantum fluctuations may generate
a novel spin-liquid ground state with no long-range order. The superconductivity was
then conjectured to arise from the behaviour of a novel quantum fluid created out of a
highly correlated set of electronic degrees of freedom. This disordered phase may arise
from mobile holes in an antiferromagnetic background as in the t-J or Hubbard model at
finite doping (as in the case of HTSC Cu oxides). Alternatively, competition of purely
magnetic interactions can also lead to destruction of long-range order as in the J1 − J2
model. It has been predicted that the J1 − J2 system also presents a quantum disordered
(possibly spin-liquid) phase due to the next-nearest-neighbor frustrating interaction J2.
This magnetically disordered phase is due to strong quantum fluctuations which arise
specially in the vicinity of quantum critical points where the softening of the spin-wave
excitations gives rise to an additional enhancement of the quantum fluctuations. In the
J1 − J2 phase diagram this is predicted to happen when both interactions are antiferro-
magnetic near J2 = J1/2, where the system is considered as highly frustrated. Classically,
at this point, there is a first order transition between the Néel order (J2 < J1/2) and the
Collinear one (J2 > J1/2). Therefore, the existence of a spin liquid[260] phase would be
a pure quantum effect since the reduction of the coherence length would be produced by
the increment of quantum fluctuations.
In what follows, we will present in more detail the physics behind the J1−J2 model. We
will start from the well known two-dimensional Heisenberg antiferromagnet in a square
lattice (J1 antiferromagnetic). Then, we will introduce the frustrating interaction J2
(also antiferromagnetic) and discuss its consequences on the magnetic properties of the
system. This will lead to the elaboration of a phase diagram for the ground state of the
J1 − J2 model as a function of the frustration for the particular case of both interactions
antiferromagnetic. After that we shall discuss the possibility and consequences of having
one or both interactions ferromagnetic. These considerations will naturally lead to a more
general phase diagram which include all the possible cases when J1 and J2 can be either
ferro or antiferromagnetic. In the last part of this section we will present the calculations
and predictions for the thermodynamic properties of this model which allows us, the
experimentalists, to be able to estimate the main parameters of the magnetic properties,
namely, the superexchange constants J1 and J2.
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6.3.3.1 Two-Dimensional square-lattice Heisenberg antiferromagnet:
This is the name given to the arrangement of magnetic moments placed in the corners
of an infinite two-dimensional (2D) grid of lattice parameter a, that interacts only with
the nearest neighbours (NN) through an isotropic Heisenberg magnetic exchange J2D (fig.
6.4.a). In the ideal 2D case, a layer is considered to be perfectly isolated or decoupled,
and no interaction perpendicular to the planes J⊥ (from layer to layer in real systems) is
included in the model. The Heisenberg Hamiltonian describing this system is:
H = J2D
∑
i,j
Si.Sj (6.1)
where
∑
i,j runs over all pairs of nearest neighbor spins i and j.
The ground state of this system, in the pure 2D-square lattice Heisenberg antiferro-
magnet is long range ordered into the simple Néel state only at T = 0. In this state the
moments on NN are antiferromagnetically aligned. In momentum space, this ordered
state present antiferromagnetic Bragg peaks at wave vectors Q= (π, π) (which can be
measured by Neutron scattering). Mermin and Wagner [261] have proved that this Néel
order is only possible at T = 0 for the isotropic 2D Heisenberg model and with interactions
of finite range. The main reason for this are the strong quantum spin fluctuations which
inhibit the formation of long range order at any nonzero temperature.
Figure 6.4: Possible magnetic lattices for the J1 − J2 model. Inset a: Square Lattice and
J1 = J, J2 = 0. Inset b: Frustrated Square Lattice, J1 and J2 6= 0. Inset c: Two decoupled
Square Lattices, J1 = 0 and J2 6= 0.
Real systems, however, are not well described by such an isotropic model. The ex-
perimental evidence of magnetic phase transitions towards antiferromagnetically ordered
states at finite-temperatures (Néel Temperature: TN ) are in contradiction to the above
stated Mermin-Wagner theorem[261]. This suggests that three-dimensional correlations
and possible anisotropy effects (in the interaction constants), as well as a combination
of both, must be considered. Experimentally, it has also been found that a pure two-
dimensional magnetic lattice is quite difficult to realize because some weak interaction per-
pendicular to the magnetic layers (J⊥) is always present. This transforms the system into a
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Quasi-two-dimensional one (Q2D). A Q2D material is characterized by highly anisotropic
magnetic interactions in which the superexchange constants in the 2D-plane are much
stronger than the perpendicular interaction (J⊥). Experimentally, it has been observed
that this kind of compounds does not behave as an effective two-dimensional magnet down
to temperatures of the order of J⊥ where it finally orders three-dimensionally. Instead,
a phase transition occurs at a critical temperature of the order of J2D meaning that the
transition itself is driven by the intralayer interactions. In a recent work, Siurakshina
et al.[262], gave strong theoretical support to these observations presenting a theory for
the dependence of TN with the spatial anisotropy in the three-dimensional Heisenberg
model. They calculated the staggered magnetization, the two-spin correlation functions,
the correlation lengths and the static spin susceptibility exploring the effects of the spa-
tial anisotropy in the whole temperature range. For the ideal case of isolated layers these
authors confirmed the Mermin-Wagner theorem and determined that a finite-temperature
transition to a long-range ordered state should occur when an interaction perpendicular
to the layers (of any magnitude) exists. They calculated the dependency of TN with the
interaction perpendicular to the layers in the range 1×10−4 < J⊥/J2D < 1 and presented
these results in the fig. 3 of reference [262]. Because of the relevance of these predictions
for our investigation we reproduce this figure of Siurakshina et al. in fig. 6.5. In order to
avoid notational confusion the equivalence between our convention and the used by Siu-
rakshina et al. is the following: J⊥ ≡ Jz, J2D ≡ Jx = Jy (in the isotropic case). From
this plot it is clear that the increase of TN with J⊥/J2D (defined as Rz ≡ Jz/Jx by Siu-
rakshina et al.), is governed by the intra-layer interaction J2D and its possible anisotropy
(they also defined Ry as Jy/Jx). It should be noticed that the x-axis of this plot depends
logarithmically on J⊥/J2D and, therefore, the actual TN is very sensitive to the spatial
anisotropy close to the 3D limit. On the other hand, TN varies very weakly when J⊥/J2D
is of the order of 10−3 or 10−4. For larger anisotropy (J⊥/J2D < 10−4) TN should decrease
monotonously approaching TN = 0 when the planes are perfectly decoupled.
These authors claim that their calculations improved considerably the description
of the short-range correlations above TN in comparison with the previous spin-wave
approaches[263–266]. This allows a better determination of TN itself. They found that the
long-range ordered phase is suppressed in favor of a paramagnetic one with pronounced
antiferromagnetic short-range correlations with increasing anisotropy. It means that TN
is gradually reduced as the system anisotropy changes from a 3D material to a pure 2D
one for which TN = 0.
With respect to the uniform static spin susceptibility, these authors[262] found that it
presents a maximum in the short-range-ordered paramagnetic phase with a crossover to
the Curie-Weiss law at high temperatures. They found that the actual temperature of this
maximum (above TN) is influenced by the anisotropy in the material. The temperature
of the maximum decreases and the magnitude of the susceptibility rises with the increase
of Rz. This behaviour may be explained by the weakening of the short-range correlations
with the increase of the magnetic dimension of the lattice.
An illustrative example of these Q2D systems is the undoped parent compound of the
first high-Tc superconductor, La2CuO4. This material has been intensively studied and its
64
6.3 The 2D frustrated quantum Heisenberg antiferromagnet
Figure 6.5: Reproduction of Fig. 3 in the article of Siurakshina et al.[262] where the calculated
dependency of TN with the dimensionality of the magnetic lattice is shown. In this plot
Rz ≡Jz/Jx and Ry ≡ Jy/Jx where Jz is the interaction perpendicular to the magnetic layers
and Jx, Jy are the interactions along the x and y axis of the square lattice respectively. The
two curves correspond to the cases with isotropic square lattice (Ry = 1.0) and with some
intra-layer anisotropy (Ry = 0.4).
physical properties are now rather well settled. It is a half-filled band Mott-insulator which
presents a magnetic phase transition to a 3D ordered state at TN = 312–325 K[267–269].
In this compound, the intraplane coupling is J2D ≃ 1360–1580 K and J⊥ was estimated to
be < 10−4J2D (J⊥ ≃ 0.08 K) in base of the theoretical predictions available prior to those
of Siurakshina[270–272]. Instead, Siurakshina et al. have estimated that Rz should be
one order of magnitude larger, Rz ≃ 1×10−3.
6.3.3.2 Frustrated two-dimensional square lattice
If now an extra antiferromagnetic interaction on the diagonals (next-nearest neighbors:
NNN) of the 2D square-lattice system is added (fig. 6.4.b) we have a Frustrated Two-
Dimensional Square-Lattice Heisenberg Antiferromagnet. The frustration arises because
this new coupling competes with the interaction strength on the sides of the square. In
this case, the nearest-neighbor interaction is called J1 and the next nearest-neighbor one,
J2. The relative strengths between J1 and J2, expressed by the ratio α ≡ J2/J1, is a very
good parameter for a quantitative study of the frustration in the system. The Hamiltonian
of this system (eq. 6.2) includes this NNN interaction as an extra term in eq. 6.1 and is
called the J1 − J2 model.
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H = J1
∑
i,j(NN)
Si.Sj + J2
∑
i,k(NNN)
Si.Sk (6.2)
In the extreme case when J1 = 0 and J2 6= 0 the system divides into two, completely
decoupled, interpenetrating 2D Heisenberg square sublattices formed by next-nearest-
neighbors. These sublattices are rotated 45◦ with respect to the original NN square
lattice (fig. 6.4.c) and their lattice parameter is a′ =
√
2a. At a classical level, the local
exchange field induced by the magnetic moments (spins) of one of the sublattices vanishes
on each site of the other sublattice allowing that the sublattices order independently of
each other. Therefore, the ground state is degenerated (these subsystems can be rotated
independently without cost in energy). But, at the quantum level[273], according to
Villain’s principle of order from disorder[274–276], short-wavelength fluctuations lift this
degeneracy producing new correlations at long wavelengths and selecting the Collinear
ordered state, that is, when the spins along x̂ or ŷ are ferromagnetically aligned (see fig.
6.6).
In the intermediate region (when α 6= 0 or ∞) J1 and J2 compete against each other
and the ground state properties will be determined by the α ratio. When J2 ≪ J1 the
system is close to the 2DQHAF case and J2 acts as a frustrating perturbation, while in
the case J1 ≪ J2 the roles are interchanged. Classically[277, 278] (for S→ ∞) a phase
boundary (actually a first order phase transition) is predicted at α = 0.5 (the Strong
Frustration region) between the Néel (α < 0.5) and Collinear (α > 0.5) ground states. At
α = 0.5, classically, any state with total spin equal to zero for an elementary square is a
ground state. This includes the Néel and the Collinear states as well as many others with
no long-range order.
Chandra and Doucot[280] studied the effect of zero-point quantum fluctuations in the
J1 − J2 model using conventional spin-wave theory[281–283]. Their studies were carried
out in both the spin S and the frustration α, parameter space. They found that quantum
fluctuations can destabilize the classical ordered state even at large S for large enough
frustration. The result is a small but finite region in this parameter space where zero-point
fluctuations are strong enough for melting any ordered state[280]. Because the quantum
fluctuations depend upon the degree of frustration in this system (they actually diverge for
α = 0.5), this proposed spin-liquid state will occur in a region around α = 0.5. Chandra
and Doucot[280] have also conjectured that if the ground state in this disordered regime
does not break translational invariance (like in the dimerized case) then the ground state
would be the Resonating-Valence-Bond (RVB) one[231, 284].
The exact ground state in this disordered phase cannot be studied with perturbative
methods like the Spin-Wave expansions around the Néel or Collinear states, therefore
non perturbative methods were needed to analyze the strong frustration regime. Field-
Theory methods[285–287] and Dimer-Series Expansions [288–290] gave the range of the
disordered regime as: 0.38 < α< 0.6. They also found that the ground state is dominated
by the formation of short-range, dimer like, order in a given pattern[279] what implies
that the lattice symmetry is broken and the ground state is fourfold degenerated. Later,
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Figure 6.6: Proposed phase diagram for the J1 − J2 model on the work of Sushkov et al.[279].
Green-function Monte Carlo calculations have raised questions on the structure of this
intermediate disordered phase. Capriotti and Sorella[291] have found that the most stable
state is the plaquette RVB state for α = 0.5 but Jongh et al.[292] claims that there is a
dimerized state with plaquette-type modulation along the columns. They also observed
that this columnar dimerized state penetrates into the Néel phase down to α ≃ 0.3.
Recently, Sushkov et al.[279] have analyzed this phase diagram calculating static sus-
ceptibilities with series expansions. They claim that were able to solve the discrepancy
between the previous studies. They found two further second order phase transitions
inside this disordered regime yielding a rather complicated phase diagram that we repro-
duce in figure 6.6. This phase diagram was calculated as a function of the frustration
parameter α, for an S = 1/2 system at T = 0 and with the interactions J1 and J2 both an-
tiferromagnetic. It has four critical points: αc1 = 0.34± 0.04, αc2 ≃ 0.38, αc3 = 0.5± 0.02
and αc4 ≃ 0.6. The predicted states[279] are the following: for 0 < α< αc1 the simple
Néel order, for αc1 < α < αc2 a columnar dimerized Néel state, for αc2 < α < αc3 a simple
columnar dimerized spin liquid, for αc3 < α < αc4 a columnar dimerized spin liquid with
plaquette type modulation and for α > αc4 a collinear state.
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6.3.3.3 The frustrated ferromagnetic two-dimensional square lattice
The J1 − J2 model with ferromagnetic interactions has been much less studied than
the case of both J1 and J2 being antiferromagnetic (J1, J2 > 0). The system with J1
ferromagnetic (J1 < 0) and J2 antiferromagnetic (J2 > 0) corresponds to a ferromagnetic
two-dimensional square lattice with a next-nearest neighbor antiferromagnetic frustrating
interaction J2. The opposite case, when J1 is antiferromagnetic and J2 ferromagnetic is a
non-frustrated antiferromagnetic two-dimensional square-lattice system.
The frustrated ferromagnetic square-lattice system has two obvious ground states in
the extreme cases when either J1 or J2 vanish. When J2 = 0 the system is a ferromagnetic
square lattice and the ground state is the obvious ferromagnetic one with total magnetic
moment M =
∑
i
|Si|= MMax. The other extreme J1 = 0 is identical to the corresponding
antiferromagnetic frustrated square lattice, thus the ground state is the Collinear one.
At some intermediate frustration value, a critical point (αc) or region (αc1 < α < αc2)
between these two ground states must exist. In the classical approximation, the ferro-
magnetic state becomes unstable at the same critical point αc = 1/2 as the frustrated
antiferromagnetic case in the strong frustration regime. For this antiferromagnetic case,
the transition at αc takes place between different M = 0 states. In the frustrated ferro-
magnetic lattice, the transition at αc takes place between two states with different total
moment, the ferromagnetic with M = MMax and the Collinear one with M = 0. The ques-
tion that arises is whether in the ferromagnetic system this transition takes place abruptly
at a quantum critical point or there is a region around this critical frustration value where
the total moment changes continuously. A first answer to this question was given in the
theoretical work of Dmitriev, Krivnov and Ovchinikov[293, 294]. These authors found an
abrupt transition at αc = 1/2, between the ferromagnetic state (α < αc) and the Collinear
one (for α > αc). It means that the spin liquid region expected for the antiferromagnetic
system might not be present in the ferromagnetic J1 case. These authors also found that
within the possible Néel states the Collinear one should set in for α > 1/2 as in the an-
tiferromagnetic J1 case. This Collinear ground state is further stabilized by an increase
of the antiferromagnetic J2 and thus this state is the ground state for the frustrated
ferromagnetic square lattice for all α > 1/2 (1/2 < α≤∞).
The possible existence of other ground states in the antiferromagnetic region has been
also tested by these authors finding that the spiral state and the dimer one both have
higher energy than the Collinear Néel state at the transition. Thus, the spiral state, which
is predicted to occur in the frustrated one-dimensional case[295–299], is not stable in the
two-dimensional one.
6.3.4 The General J1 − J2 model
From the above discussion is clear that the antiferromagnetic and ferromagnetic frus-
trated square lattices are two particular cases of a more general system in which J1
and J2 can be either ferro (< 0) or antiferromagnetic (> 0). Only recently, this general
68
6.3 The 2D frustrated quantum Heisenberg antiferromagnet
J1 − J2 model has been theoretically studied as a whole in the work of Shannon et al.[1].
This investigation was directly motivated by our results on the magnetic properties of
Pb2VO(PO4)2 in which ferromagnetic interactions have been identified (as we shall see
later on). These authors provide an overview of the ground state and finite temperature
properties for the J1 −J2 model with mixed antiferromagnetic and ferromagnetic interac-
tions. They performed a semiclassical analysis of the dominant ordered phases together
with an exact diagonalization of an eight site cluster, and finite temperature Lanczos
results for the heat capacity and magnetic susceptibility of 16 and 20 site clusters.
Figure 6.7: Phase diagram of the general J1 − J2 model.
The best way for visualizing this general system is to consider that J1 and J2 are
a vectorial base that generate a two-dimensional space in which each point corresponds
to a different physical state. In such vectorial space the different predicted phases will
correspond to two-dimensional domains. We show the general phase diagram (ground
states) for the J1 − J2 model in figure 6.7. The stability range of these phases was
confirmed by the calculations of Shannon et al.[1]. In this phase diagram J1 and J2 are
the orthogonal x and y axis respectively, in a cartesian space.
It is more convenient to express each point of this phase diagram as a function of an
angle and the distance to the origin because the physics of the J1 − J2 system depends
principally on the ratio J2/J1. The transformation between coordinate systems is the
following:
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φ = tan−1(
J2
J1
) (6.3)
Jc =
√
J21 + J
2
2 (6.4)
where φ is defined as the frustration angle and Jc (the distance to the origin) can be
taken as an overall energy scale for this system. The inverse transformation is simply:
J1 = Jc cos(φ) (6.5)
J2 = Jc sin(φ) (6.6)
Since the properties of the J1 − J2 model depend on J2/J1 and not in the absolute
value of the interactions then the phase boundaries in the general phase diagram will be
determined only by φ, forming radial lines. These phase boundaries will be located at
critical angles whose values have been summarized in table 6.4. Starting from φ= 0 and
turning counterclockwise in the phase diagram of fig. 6.7 the first critical angle is φc1 which
corresponds to αc1, the transition from the Néel antiferromagnetic order (NAF) to the
predicted columnar dimerized Néel state. The next critical angles correspond to the phase
boundaries already discussed for the purely antiferromagnetic case: φc2 ≡ αc2, φc3 ≡ αc3,
φc4 ≡ αc4. We call now φc5 to the angle that corresponds to the transition from the
collinear antiferromagnetic order (CAF) to the ferromagnetic state (FM) which takes place
at J2/J1 = -0.5 (J1 < 0, ferromagnetic). The last phase transition should take place at φc6
between the FM and the NAF states when J1 changes from ferro to antiferromagnetic and
J2 is ferromagnetic (at this point J2/J1 = −∞). Therefore, the general phase diagram of
the J1 − J2 model contains three major phases: the Néel antiferromagnetic, the Collinear
antiferromagnetic and the Ferromagnetic ones plus a disordered region around the phase
transition between the NAF and the CAF. At the phase transition between the CAF and
the FM the situation is not clear because the earlier works of Dmitriev et al.[293, 294]
predict an abrupt change between the phases, while the last work of Shannon it et al.[1]
suggest that a spin liquid like phase might be possible there between the CAF and the
FM phases.
6.3.5 Theoretical predictions for the thermodynamic properties
The first calculations of the finite-temperature properties of the J1 − J2 model were
performed by Singh and Narayanan[300] in the range 0 < J2/J1 < 1 but with J1 and J2
both antiferromagnetic. They studied a finite 4×4 system with periodic boundaries at
finite temperatures by a complete diagonalization method. They calculated the specific
heat, the structure factors and the twist and dimer order parameters as ground states
for the intermediate critical region. Their results indicate that the J1 − J2 model may
have long-range dimer order at low temperatures near α = 1/2 instead of the previously
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J2/J1 φ[Deg.] φ/π
φc1 0.34 18.778 0.1044
φc2 0.38 20.807 0.1156
φc3 0.5 26.565 0.1476
φc4 0.6 30.964 0.172
φc5 -0.5 153.435 0.8524
φc6 -∞ 270 1.5
Table 6.4: Critical angles of the general J1 − J2 phase diagram.
suggested[301] twist order. Their main result is the determination that the temperature
of the maximum in the magnetic specific heat (TCpMax) varies as a function of the frus-
tration, being reduced in both magnitude and temperature when approaching the strong
frustration region near α = 1/2. In this region, the shape of the specific heat curve also
changes with a pronounced sharpening of the maximum.
Later, Bacci et al.[302] also performed a finite-size calculation (also on a 4×4 square
lattice) with an exact diagonalization technique based on the Lanczos algorithm. Their
results are presented in figure 6.8 and agree very well with those obtained by Singh et
al.[300].
Figure 6.8: Specific heat for the frustrated J1 − J2 model calculated by Bacci et al.[302].
In figure 6.9 we summarize the results of Singh and Narayanan and Bacci et al. plotting
the magnitude of the specific heat at the maximum and the temperature at which this
maximum occurs as a function of the frustration (J2/J1). Also we added the expected
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values for the unfrustrated 2D-QHAF (obtained by QMC calculations[239]) in the form of
a dashed line. Despite the good agreement between the two calculations, the extrapolation
to the unfrustrated case, when either J2 or J1 vanish, do not agree with the accepted QMC
values.
Figure 6.9: Summary of the predictions for the specific heat of the J1 − J2 model in function
of the frustration J2/J1. Squares are the results of Singh and Narayanan[300] whereas circles
are the results of Bacci et al.[302]. Left (a): magnitude of the specific heat at the maximum.
Right (b): Temperature of the maximum in specific heat normalized by J1. The dashed lines
indicate the predicted value for the unfrustrated two-dimensional Quantum Heisenberg
Antiferromagnet (2D-QHAF) as obtained by the QMC method[239].
This marked disagreement suggest that these calculations generate a sizeable overes-
timation of the specific heat at the maximum, which reduces its practical utility for the
characterization of frustrated materials. Moreover, this reduced range of frustration stud-
ied (0 < J2/J1 < 1) does not include the range J2 > J1, where, as we shall see later on, the
compounds presented here are located. For this reason, these predictions are of limited
utility in the analysis of the physical properties of our compounds. Moreover, they lead
to wrong conclusions in the literature about the degree of frustration in the compounds
Li2VOSiO4 and Li2VOGeO4 as we will show later.
These were the only calculations for the thermodynamic properties of the J1−J2 model
before the work of Shannon et al.[1], in which the range of the theoretical predictions ex-
tends now to the whole phase diagram. These calculations were triggered by our discovery
that in the phosphates Pb2VO(PO4)2, BaZnVO(PO4)2 and SrZnVO(PO4)2 likely one of
the interactions is ferromagnetic and that, on those days, there were no estimations at
all for the finite temperature properties of such systems. This work, in its second part,
gives estimations for the magnitude and the temperature of the maximum in the magnetic
susceptibility and the specific heat as a function of the frustration angle φ. In figure 6.10
we reproduce the figures 16 and 17 of the article of Shannon et al.[1] because of the big
importance that such results have for our investigation.
With respect to the accuracy of these new finite size calculations, we observed that
they also present a similar overestimation, on the values predicted for the magnitude of
the maximum in the specific heat and χ(T), as in the early works of Singh et al.[300] and
Bacci et al.[302]. This suggests that even the 20-site cluster results might still be far from
the thermodynamic limit and larger cluster size calculations are needed in order to safely
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Figure 6.10: Reproduction of the figures 16 (left) and 17 (right) of the article of Shannon et
al.[1] in which some finite temperature properties of the general J1 − J2 model are predicted.
On the left side the maximum of the magnetic specific heat and the temperature at which
occurs are plotted in function of the frustration angle φ. On the right side a similar plot for the
magnetic susceptibility is drawn. The open (solid) circles corresponds to the results for the
20-site (16-site) cluster while the dotted line denotes the 8-site cluster results.
extrapolate to the limit of the infinite-size system. Nevertheless, this problem with the
absolute value of these magnitude does not reduce the importance of these calculations
since they are the first ones that cover the whole phase diagram allowing to identify in
which part of the phase diagram the compounds are located. In our case, as we shall see,
we face the problem that the method for getting the values of the magnetic interactions
(using HTSE for χ(T) and Cp(T)) gives two possible solutions. In the case of having one
of the interactions ferromagnetic, the two solutions correspond to two completely different
physical situations, namely, J1 < 0 and J2 > 0 (frustrated ferromagnetic square lattice) or
J1 > 0 and J2 < 0 (non-frustrated antiferromagnetic square lattice). These two situations
are so different that their physical properties should behave in a rather different way as
is seen in the predictions of Shannon shown in fig. 6.10. These differences will help in
identifying the right solution for the exchange constants in an unambiguous way.
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6.4 Physical results for Pb2VO(PO4)2
In general, all the compounds presented in this chapter presented the behaviour ex-
pected for quasi-two-dimensional materials (Q2D). The exchange constants, in all cases,
are relatively small with typical strengths of the order of 10 K. For this reason the magnetic
behaviour of all these compounds is characterized by a paramagnetic high temperature
behaviour followed by an intermediate region in which χ(T) develops a round maximum
proper of low dimensional materials (due to short range correlations appearing at temper-
atures of the order of the magnetic superexchange energies). At temperatures below this
maximum all the compounds undergo a magnetic phase transition towards an ordered
state. In this section, we present the results of our investigation on Pb2VO(PO4)2 as well
as the methods we used in the analysis of the physical data (χ(T) and Cp(T)). These
methods were also applied to the rest of the compounds studied in this chapter.
6.4.1 Magnetic susceptibility
6.4.1.1 Analysis and fitting procedure
In order to obtain meaningful physical parameters from the experimental χ(T) data,
we first analyzed the paramagnetic regime using the Curie-Weiss model. This simple
model gives a quite precise value for the effective moment but only a mean value of all
involved exchange constants. Later, in order to get a first idea about the specific values of
J1 and J2, we used a series approximation adding one extra term to the Curie-Weiss first
order approximation. This second order approximation allows to identify the magnitude of
J1 and J2. But, since all terms are symmetric in J1 and J2, one gets two solutions (which
are connected by exchanging J1 and J2). At this point, the work of Rosner et al.[249]
was published. They calculated a High Temperature Series Expansion (HTSE), until 9th
order, for χ(T) and Cp(T) of the J1 − J2 model. Fitting χ(T) with this series, we were
able to get unique values for the exchange constants J1 and J2. Unfortunately, the fitting
also gives two possible solutions (J1, J2)a and (J1, J2)b which are almost symmetric in J1
and J2. This intrinsic uncertainty may be lifted by analyzing the specific heat because
these solutions have a different T-dependence of the magnetic specific heat. Combining
the analysis of χ(T) and Cp(T) thus allows for a unique determination of the exchange
constants J1 and J2. These were, in general, the steps we followed in order to determine
the magnetic interactions J1 and J2. Now we will present in more detail each of these
steps.
1st order approximation: The Curie-Weiss (CW) model. In the paramagnetic
regime, the χ(T) of a system of interacting magnetic moments is expected to follow the
Curie-Weiss (CW) law:
χ(T ) = χConst +
C
T − θW
(6.7)
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where χConst accounts for any constant susceptibility (either intrinsic Van-Vleck contri-
butions or a possible extrinsic background not correctly subtracted), C = NAµ2eff/3kB is
the Curie constant while θW is called the Curie-Weiss temperature. The effective moment
µeff has the form: µeff = g
√
J(J + 1)µB where g is the Landé factor, J is the total angu-
lar momentum of the electron and µB is the Bohr magneton. In the case of V4+ the total
angular momentum J = L+S reduces simply to the spin momentum because the angular
momentum L is said to be quenched (|L| = 0) by the action of the Crystal Field. Therefore,
the expected value of µeff in a substance containing one V4+ (S = 1/2) cation per formula
unit (as is the case of the compounds we are studying) is µeff = g
√
S(S + 1)µB = 1.73 µB.
Therefore, by fitting our χ(T) results with equation 6.7, we determined from the three
fit parameters χConst, C, θW the Van-Vleck contribution, the effective magnetic moment
µeff and the mean strength of the magnetic interactions.
2nd order approximation: The Shannon Series. The next step consisted in
going one order beyond the Curie-Weiss law. N. Shannon2 calculated for us this extra
term in the expression for 1/χ(T) which now depends on (J1 + J2)2 and on (J1-J2)2 as
follows (without units):
1
χ(T )
= 4T
[
1 +
(
J1 + J2
T
)
+
1
4T 2
(
(J1 + J2)
2 + (J1 − J2)2
)]
(6.8)
This can be also expressed in a simpler form as:
1
χ(T )
= 4
[
T + (J1 + J2) +
1
2T
(J21 + J
2
2 )
]
(6.9)
Now, we may see that this series is equivalent to the Curie-Weiss law with θW = (J1 +
J2), plus an extra term 12(J
2
1 + J
2
2 ). The final expression used for the fitting procedure, in
which all the constants are included, is the following:
1
χ(T )
=
1
{
χConst +
[
1
C
(
T + (J1 + J2) +
(J21 + J
2
2 )
2T
)]−1} (6.10)
where C is the Curie constant (previously defined) and χConst accounts for any possible
source of constant background. Now, the fitting procedure was performed with four
adjustable variables: χConst, C, (J1 + J2) and 12(J
2
1 + J
2
2 ).
2N. Shannon, private communication.
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4th order approximation: The Geibel Series. In order to check the agreement
between the 9th order HTSE of χ(T) of Rosner et al. and the 2nd order model of 1/χ(T)
of Shannon, Cristoph Geibel3 calculated the first 4 terms of the series for 1/χ(T) starting
from the HTSE of Rosner. These calculations showed that both series can be converted
one in the other, but that the 1/χ(T) approach gives a better convergence than the series
for χ(T), improving the accuracy of the results.
The fourth order expansion of 1/χ(T) obtained by Geibel is the following (without
constants and units) :
1
χ(T )
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And the final function ready for fitting is:
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In this case, the adjustable variables were χConst, C, J1 and J2. With this series we
were able to get a precise estimation of both J1 and J2 but, as in the case of the ninth
order HTSE, one gets two solutions. Two pairs of J1, J2 but with inverted magnitude
give fits of similar quality to the experimental data.
9th order High Temperature Series Expansion: The Rosner Series. Recently,
Rosner et al.[249], have calculated the High Temperature Series Expansion (HTSE) for
the magnetic susceptibility and magnetic specific heat of the frustrated two-dimensional
Heisenberg square-lattice. This HTSE has been calculated until the ninth order in tem-
perature using a cluster expansion method[303, 304] and allows to obtain the exchange
constants J1 and J2 from the fit to the thermodynamic properties (χ(T) and Cp(T)) at
high temperatures. The HTSE for χ(T ) may be written as:
χ =
1
T
∑
n
(
J1
kBT
)n
∑
m
cm,n
(
J2
J1
)m
(6.13)
3Cristoph Geibel, private communication
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This expression is not ready for fitting because it is expressed in normalized units and
does not account for a constant contribution to χ(T). The final expression we used when
fitting the data is the following:
χ(T ) = χConst +
4C
T
∑
n
(
J1
kBT
)n
∑
m
cm,n
(
J2
J1
)m
(6.14)
The adjustable parameters in this expression are χConst, C (the Curie constant), J1
and J2.
The HTSE of the specific heat is obtained from the HTSE of the internal energy,
which, normalized by J1, is given by:
U
J1
=
∑
n
(
J1
kBT
)n
∑
m
em,n
(
J2
J1
)m
(6.15)
The specific heat (Cp) is obtained from U as:
Cp =
dU
dT
=
J1
T
∑
n
(−n)
(
J1
kBT
)n
∑
m
em,n
(
J2
J1
)m
(6.16)
Equation 6.16 is adimensional, but it only needs to be multiplied by the Gas Constant
R= 8.3145278 J/molK for giving absolute values. The coefficients cm,n (susceptibility)
and em,n (specific heat) are listed in the work of Rosner et al.[249].
These HTSE are valid at high temperatures compared to J1 because for T . J1, the
term (J1/kBT)n diverges. These series are, thus, unable to fit down to temperatures at
which the maximum in χ(T) and Cp(T) takes place. Therefore, we normally fit our χ(T)
data between about 400 K and a minimum temperature TMin about two times the tem-
perature of the maximum in the measured χ(T). For the analysis of the specific heat, we
needed a more sophisticated approach because the magnitude of the phononic contribu-
tion makes it very difficult to obtain the magnetic specific heat at temperatures higher
than four of five times the temperature of the maximum. Since among the compounds
presented in this chapter the proportion between phononic and magnetic specific heat dif-
fers strongly, the final solution adopted for determining the phononic specific heat in each
particular case shall be discussed later on when we present the results for each compound.
6.4.1.2 Results on polycrystalline samples
Our first results for Pb2VO(PO4)2 were obtained on polycrystalline samples. In fig-
ure 6.11 we present χ(T) of polycrystalline Pb2VO(PO4)2 (2 K < T < 400 K) measured at
applied fields of 1000 G, 1 T and 5 T. In this graph, we included (for comparison) the
expected polycrystalline χ(T) calculated as an average of the anisotropic χ(T) measured
in a single crystal (see fig. 6.15).
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Figure 6.11: χ(T) of polycrystalline Pb2VO(PO4)2 at 1000G, 1T and 5T. The continuous
line is the calculated polycrystalline χ(T) averaging the anisotropic single crystal susceptibility
(see fig. 6.15). Inset: 1/χ(T) vs. T corresponding to the measurement at 1000G, the line is the
Curie-Weiss fit to this data.
The χ(T) of Pb2VO(PO4)2 is characterized by a paramagnetic Curie-Weiss behaviour
at high temperatures. At lower temperatures, χ(T) deviates from the CW behaviour pass-
ing through a broad maximum at TχMax = 8.92 K and decreasing towards a finite value at
lower temperatures. At TN ≃ 3.53 K (1000 G), a kink in χ(T ) indicates that the com-
pound undergoes a magnetic phase transition into an ordered state. In the inset of fig.
6.11 we plot 1/χ(T) vs. T (1000 G data) for polycrystalline Pb2VO(PO4)2. The line in this
plot is a Curie-Weiss fit (eq. 6.7) which adjust very well to the data down to T≃ 40 K.
From this fit we obtained θW = -5.2 K, µeff ≃ 1.70 µB and χConst = -1.6× 10−5 emu/mol.
The value of µeff is slightly smaller than the expected of 1.73 µB. This reduction in the
effective moment of the sample may either be intrinsic or due to a very small amount of
a non-magnetic foreign phase, probably unreacted Pb2P2O7. However, the presence of
paramagnetic foreign phases or impurities is ruled out by the lack of any evidence for an
upturn of χ(T) below TN . The presence of unreacted VO2 is ruled out by the χ(T) results
because this compound presents a large step[305] in χ(T) at about Tc = 345 K. This step
originates from a structural phase transition from a high-temperature paramagnetic Ru-
tile structure to a low-temperature Monoclinic one with non-magnetic V–V dimers. This
structural transition is also accompanied by a metal (above Tc) to insulator (below Tc)
transition[25, 306].
The value of θW (-5.2 K) is rather small if we compare it with T
χ
Max = 8.92 K. In
the case of the unfrustrated two-dimensional Heisenberg square lattice antiferromagnet,
the temperature of the maximum in χ(T) is directly related to the magnetic exchange
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as TχMax ≃ 0.94 J2D[236], which would lead to J2D ≃ 9.7 K in this case. Considering
that in a Mean-Field theory[307], θW = zJS(S + 1)/3kB (z is the number of neighbors
interacting through J), and that in a frustrated square lattice z = 4 for both NN and
NNN interactions we have θW = (J1 + J2) (see also eq. 6.9) for an S = 1/2 system. If the
magnetic interactions have different signs, it means one of them is ferromagnetic and the
other one is antiferromagnetic, then θW should be smaller than T
χ
Max. Also, T
χ
Max reflects
mainly the overall strength of the magnetic interactions which determines the energy
scale of the short range correlations which, in turn, defines the temperature at which the
maximum in χ(T) occurs.
Figure 6.12: ∂χ(T)/∂T at 1000G of polycrystalline Pb2VO(PO4)2 and the average of the
single crystal susceptibilities. The magnetic phase transition at TN is manifested as a sharp
change of slope in χ(T ). The anomaly at T = 4.2K (observed in all the compounds) was
considered as artificially generated by the MPMS. This distortion may be due to some problem
in the device around the boiling point of 4He. We took as TχMax the temperature at which
∂χ/∂T = 0.
Concerning the magnetic phase transition, the kink in χ(T) becomes evident if we plot
∂χ/∂T vs. T as we did in fig. 6.12. There, we plotted the derivatives of the susceptibility
of the polycrystalline sample and the susceptibility calculated as an average of the single
crystal susceptibility (see fig. 6.15). At TN a sharp peak denotes the change of slope in
χ(T) at the transition in both data sets. The temperature of the maximum in χ(T), TχMax,
has been taken as the temperature at which ∂χ/∂T = 0. Fig. 6.15 evidence that both
susceptibilities coincide in the values of both TχMax and TN indicating that the magnetic
interactions in both samples are identical. This evidences the absence of synthesis–related
effects on the physical properties.
At T = 4.2 K an almost invisible step in χ(T), present in all samples of all compounds
at all the fields we measured, points to a non–intrinsic distortion introduced by the equip-
ment. This anomaly occurs exactly at the boiling point of 4He, the main cryogenic medium
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of the MPMS magnetometer. Therefore, we consider this feature as non–intrinsic and ex-
cluded it from the data analysis.
Figure 6.13: 1/χ(T) of polycrystalline Pb2VO(PO4)2. We included the results of the HTSE
fits for different orders in the series.
The next step for getting the exchange constants J1 and J2 in Pb2VO(PO4)2 was
to improve the CW model with the second order approximation (eq. 6.10). With
this model we fitted the χ(T) of polycrystalline Pb2VO(PO4)2 at 1000 G in the range
TMin = 16 K < T < 400 K. The results of this fit are presented in figure 6.13 together with
the results obtained from fitting with the fourth order series (in 1/χ(T), eq. 6.10) and
the ninth order HTSE for χ(T) (eq. 6.14). In this graph we plot 1/χ(T) vs. T only in
a limited range of temperature for sake of clarity. The adjustment of the second order
model to the data is very good down to TMin and even at lower temperatures. It also
roughly reproduces the broad maximum in χ(T). With this second order approximation
we obtained (J1, J2) = (-4.9 K, 9.3 K) but it is not possible to say which value corresponds
to which exchange. The results for µeff and χConst (shown in table 6.5) are in complete
agreement with the CW results. The main new result is the prediction that one of the
exchange interactions must be ferromagnetic as it was suspected from a θW value smaller
than TχMax. This result was confirmed by the fit with the next two series of fourth and
ninth order. These series allow to fit the data equally well with two sets of solutions related
by an interchange in the magnitude and the sign of the exchange constants. We found an
excellent agreement between the results of the 4th and 9th order series (the results were
basically identical) as can be seen in table 6.5. This excellent agreement suggests that the
fitting result is very stable and that the 4th order series for 1/χ(T) is already enough for
getting an accurate estimation of the exchange constants in this compound. Analyzing the
results we see that the first pair of exchange constants define a ferromagnetic square lat-
80
6.4 Physical results for Pb2VO(PO4)2
tice with J1 = -5.1 K with a frustrating antiferromagnetic diagonal interaction J2 = 9.5 K.
Therefore, J2 may be considered as the dominant magnetic interaction in the compound
because: |J2/J1| ≃ 1.9. This ratio between J2 and J1 places this compound in the region
|J2|> |J1/2| whose ground state is expected to be the collinear antiferromagnetic one. In
the other case, when J1 = 8.1 K and J2 = -3.3 K, the situation is very different because the
system would be formed by an antiferromagnetic square lattice of strength J1 = 8.1 K with
a ferromagnetic diagonal interaction J2 = -3.3 K which does not frustrate J1. Instead, the
expected Néel order on the square lattice would even be stabilized. The other two fitting
parameters µeff and χConst gave exactly the same values as in the CW case and 2nd order
series.
Order
Solution a Solution b
µeff J1 J2 χConst µeff J1 J2 χConst
[µB] [K] [K] [emu/mol] [µB] [K] [K] [emu/mol]
2 1.70 (-4.9, 9.3) -1.6×10−5
4 1.71 -5.1 9.5 -2.14×10−5 1.71 8.1 -3.3 -1.86×10−5
9 1.70 -5.1 9.4 -1.56×10−5 1.71 8.1 -3.3 -1.8×10−5
Table 6.5: Results from the fits to the χ(T) of Pb2VO(PO4)2 with the 2nd, 4th and 9th order
models. In the case of the second order model we show the results in the columns for one of the
solutions, but it is clear that this model does not give two solutions as a result and cannot
distinguish between J1 and J2.
6.4.1.3 Results from single crystal measurements:
We succeeded in growing a Pb2VO(PO4)2 single crystal big enough for performing
physical measurements on it. The synthesis of this single crystal has been described
in chapter 4. The single crystal used in the measurements presented here is shown in
fig. 6.14. It was a transparent-green coloured slab, of almost rectangular shape with
approximately: 4×2.2×1 mm3 and a mass of about 30 mg.
Using the Laue method we were able to orient the crystal. The direction [100] was almost
parallel to the longest side while the [010] was oriented nearly parallel to the short side
of the slab. The upper and lower surfaces of this crystal were formed by cleavage during
removal from the melt. These surfaces were parallel to the VOPO4 layers which lie in
the crystallographic ab plane. Usually, Pb2VO(PO4)2 crystals were flat plattelets because
they grow preferentially parallel to the ab plane and cleave easily under minor stress. The
existence of an easy-cleavage plane in this compound is naturally explained by the layered
structure composed of extremely rigid VOPO4 layers which are rather weakly bonded by
Pb and PO4 groups.
We should remark that the c axis (direction [001]) is not perpendicular to the surface
of the crystal because of the monoclinic angle β = 100.96◦. Perpendicular to the surface
81
6 Frustrated square lattices: Pb2VO(PO4)2 and related compounds
(and hence to the ab plane) is the direction [001]∗ in reciprocal space. Nevertheless, we
consider that the direction perpendicular to the layers has more physical importance than
the actual [001] direction which is determined by the stacking of the VOPO4 layers.
Figure 6.14: Photo of the Pb2VO(PO4)2
single crystal. In the background
millimetric paper was placed as reference.
The magnetic properties of Pb2VO(PO4)2 as
a function of the orientation of the applied
magnetic field were measured in a commercial
MPMS as described in chapter 3. The χ(T) of
Pb2VO(PO4)2 for a field applied parallel to the
directions [100] (χa), [010] (χb) and perpendic-
ular to the layers (χ⊥ab) is shown in fig. 6.15.
In the inset we enlarged the region around the
maximum and the magnetic phase transition.
The average of these susceptibilities has been
calculated as:
χAv =
χa + χb + χ⊥ab
3
. (6.17)
This χAv has been included in fig. 6.15 in
the form of a continuous line.
The overall behaviour of the single crystal
susceptibility agrees very well with that previ-
ously observed in polycrystalline samples (fig.
6.11). We can see in this figure that the mag-
netic behaviour of Pb2VO(PO4)2 is characterized by a very small anisotropy for T > TN .
The measured χ(T) along the different crystallographic directions practically coincide
at high temperatures presenting only a minor anisotropy for temperatures of the order
of TχMax, which continues down to the phase transition at TN . At the position of the
maximum, χ⊥ab separates more markedly from the behaviour of χ(T) in the other two
directions. At the transition temperature TN both χ⊥ab and χa show a minimum with an
abrupt change of slope (see the inset in fig. 6.15) while χb decreases strongly.
Below TN the magnetic behaviour at low field (1000 G) becomes highly anisotropic
because χb drops towards zero when T→ 0, while χa and χ⊥ab slightly increase (linearly
with decreasing temperature) with respect to the value they have at TN . This strong
anisotropy reveals that below TN the moments order parallel to the b axis, it means,
parallel to the propagation vector of the structural modulation in the [VOPO4] layers.
χa and χ⊥ab are not identical showing an almost constant difference which indicates that
there is also a minor anisotropy in the ac plane. The smaller χ⊥ab compared with χa in-
dicates that the direction perpendicular to the ab plane is the next favorable axis for the
alignment of the spins but the rather small difference in χ also implies that the difference
in energy with the [100] direction should be very small. Complementary measurements in
the MPMS with a rotator allowed to determine the behaviour of the anisotropic magnetic
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Figure 6.15: χ(T) of the Pb2VO(PO4)2 single crystal at 1000G with magnetic field parallel to
[100], [010] and perpendicular to the ab layer. Inset: Enlargement of the region around the
maximum and the magnetic phase transition.
susceptibility (below TN) of Pb2VO(PO4)2 continuously in function of the angle (γ) be-
tween the crystallographic directions and the applied field. The sample was rotated in the
planes a-c and b-⊥ ab with an angular step of one degree. These measurements showed
that χ varies smoothly in a sinusoidal manner between χa and χ⊥ab and between χb and
χ⊥ab. Basically, we found that χ⊥ab < χ(γ) < χa and that χb < χ(γ) < χ⊥ab, indicating
that the direction ⊥ ab is one of the main susceptibility axes.
A more subtle anisotropy is revealed by a closer inspection of the data just above
TN . Already at about 1 K above TN , χb starts to decrease while χa increases to a similar
extent with respect to χAv. It is interesting to note that χ⊥ab follows almost perfectly the
average behaviour until exactly TN . This behaviour just above TN has been predicted
by recent Quantum Monte Carlo simulations[242] for weakly anisotropic square lattice
antiferromagnets. In figure 6.16 we have reproduced the fig. 11 of ref.[242] where the
behaviour of the uniform susceptibility components parallel and perpendicular to the
easy axis for temperatures around TN are shown. This early departure of χa and χb from
the similar behaviour they show at higher temperatures is a consequence of the easy-axis
anisotropy which reduces the disordering effects of the thermal and quantum fluctuations
short above TN . This separation above the transition between these components of the
susceptibility extends up to temperatures 40 % larger than the transition temperature in
the theory. In the case of Pb2VO(PO4)2, χb and χa start to coincide at temperatures about
55 % larger than TN in a good agreement with the theoretical predictions. Above these
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temperatures the calculations predict that the different contributions coincide between
them and with the anisotropic susceptibility, implying that the effects of the uniaxial
anisotropy do not extend to higher temperatures, not affecting the maximum in χ(T).
We find remarkable that such weak effects, close to TN , can be calculated and were ob-
served in a real system like Pb2VO(PO4)2. The authors of reference [242] stated that this
behaviour has been observed only in compounds with larger magnetic moments (S≥ 1)
than the S = 1/2 of Pb2VO(PO4)2. Therefore, Pb2VO(PO4)2 would be the first experi-
mental example of an S = 1/2, square-lattice material with a small easy-axis anisotropy
which confirms the Quantum-Monte Carlo predictions for the effects of such anisotropy
in the magnetic properties.
In the next part we shall present our results arising from a detailed study of this
anisotropy and the effects it yields in the magnetic properties of this compounds.
Figure 6.16: Reproduction of the fig. 11 on reference [242], where the uniform susceptibility
(χU ) of the easy-axis anisotropic Heisenberg model is shown. In this plot the notation is the
following: χU : uniform susceptibility, t: kBT/J , xx: χxxU (open diamonds) and zz: χ
zz
U (filled
diamonds) are the transverse and longitudinal components respectively of χU with respect to
the magnetic easy-axis. The stars are QMC data for the isotropic case (calculated in reference
[236]). The arrow indicate TN .
We also fitted χAv with the same models as for the results on polycrystalline Pb2VO(PO4)2.
We found no appreciable differences, except for a better µeff value, now of 1.73 µB (com-
pared to 1.70 µB in the polycrystal) and in θW = -4.46 K (instead of -5.2 K). The exchange
constants J1 and J2, obtained with the higher order series, were identical to those obtained
with the polycrystalline data. The values corresponding to the solution a of the fits with
the 9th order HTSE to χAv are shown in table 6.12 in the last section of this chapter
and represent our last results about the magnetic properties of Pb2VO(PO4)2. The small
difference in µeff and θW can easily be accounted for by the better purity that a single
crystal usually represents in comparison with powder samples. In the present case, we
think that the smaller effective moment in the powder samples may be due to a deficit
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in V4+ on the reactants mixture and/or a slightly incomplete chemical reaction during
polycrystalline synthesis. This result also indicates the good compositional quality of the
single crystal.
6.4.1.4 Study of the uniaxial anisotropy:
The fact that the moments order in some preferred crystallographic orientation im-
plies that Pb2VO(PO4)2 possesses an uniaxial magnetic anisotropy with an easy axis along
[010]. This conclusion is drawn from the fact that the fully isotropic Heisenberg Hamilto-
nian of eq. 6.2 leaves the orientation of the spin axis relative to the crystal axes completely
indefinite. This orientation is fixed only after an anisotropy energy is introduced in the
Hamiltonian. In such a system the moments will be aligned along the direction for which
either the anisotropic exchange is the strongest or the anisotropy energy is minimal.
We will now briefly introduce and discuss the expected magnetic behaviour in a com-
pound with an uniaxial anisotropy in order to understand the properties of Pb2VO(PO4)2.
It is well known that a Heisenberg antiferromagnet with a small uniaxial anisotropy
presents, in addition to a transition from the antiferromagnetic to the paramagnetic
phase, the phenomenon of Spin-Flopping (SF) over a certain range of temperatures below
TN . This type of phase transition was theoretically predicted already by Néel in the
thirties[308] but experimentally verified later in the compound CuCl2(H2O)2 by the Lei-
den group[309]. The general H–T phase diagram of a weakly anisotropic antiferromagnet
is shown in fig. 6.17.
Figure 6.17: Theoretical magnetic
phase diagram of a weakly
anisotropic antiferromagnet.
The Spin-Flop transition is most easily explained[310]
by considering a simple uniaxial two sublattice Mean
Field (MF) model at T = 0 K. There is a certain
anisotropy energy EA, which may also be expressed
in terms of an anisotropy field HA, which causes the
establishment of a preferred easy axis along some
particular crystallographic direction.
The free energy of an antiferromagnet in an ex-
ternal magnetic field H is proportional to −1
2
χ‖H
2
for fields applied parallel to the easy axis or to
EA − 12χ⊥H2 in case the external field is perpendic-
ular to the easy axis. In a normal antiferromagnet
always χ⊥ > χ‖ (below TN), therefore if an external
field is applied parallel to the preferred axis then the
moments will have the tendency to orient themselves
perpendicular to the field. In this way, the moments
will gain a magnetic energy 1
2
(χ⊥ − χ‖)H2.
In small external fields the anisotropy field HA
will exceed the external one, but at a certain critical
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field (HSF ) when −12χ‖H2 = EA − 12χ⊥H2 the spins will flip over to the perpendicular
orientation. This critical field will depend on both applied external field and temperature
generating a phase boundary in the H–T phase diagram. The dependency of HSF (T) with
the internal uniaxial anisotropy can be calculated in as follows:
HSF =
√
2EA
χ⊥ − χ‖
(6.18)
A further increase of the field will gradually rotate the sublattice moments, until at
the critical field Hc both sublattices point in direction of the field, and thus the field-
aligned phase is entered. At this point, the antiferromagnetic interaction is balanced by
the applied field and the anisotropy field. In the MF treatment the SF transition is of
first order because there is a discontinuity in the magnetization, whereas the transition
from the spin-flopped to the paramagnetic phase is of second order (the magnetization is
continuous but χ is discontinuous).
If we call HE the antiferromagnetic exchange field (in the MF theory) and HA the
anisotropy field, the formulae for the critical fields at T = 0 are given by [310]:
H
(0)
SF =
√
2HEHA − H2A, (6.19)
Hc = 2HE − HA (6.20)
if the applied field is parallel to the easy axis or by
H ′c = 2HE + HA (6.21)
if the field is perpendicular to the easy axis. For fields applied perpendicular to the
easy axis the SF transition obviously does not occur.
From the above discussion it is clear that the SF transition is revealed by an abrupt
change of magnetization at the critical Spin-Flop field HSF when measuring M(H) with the
field applied in the easy axis (in our case [010]) at temperatures below TN . By measuring
M(H) at different temperatures the SF line in the H–T phase diagram can be determined.
An alternative method consists of measuring χ(T) parallel to the easy axis at different
fields for temperatures below TN . In this case, the SF transition will be revealed by an
abrupt increase of χ towards the χ value for the directions perpendicular to the easy axis.
In figure 6.18 the χ(T) measurements on a Pb2VO(PO4)2 single crystal with field parallel
to [010] axis at different fields are shown in the upper panel. In the lower panel we plot
the Magnetization curves (M(H)) at different temperatures on the same single crystal and
for the same field orientation.
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Figure 6.18: The Spin-Flop transition in Pb2VO(PO4)2 (from single crystal data). Upper
panel: χb vs. T for 1000G < H < 5T. Lower panel: M‖[010] vs.H at 2K. Inset: the step at the
Spin-Flop transition for 2K < T < 3.2K.
The SF transition appears in χ(T) as an abrupt jump in χb at the critical temperature
TSF . This is confirmed by the M(H) measurements which show a jump in the magneti-
zation at HSF which displaces towards higher fields when the temperature is raised. The
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exact SF transition field HSF at each measured temperature was identified as the maxi-
mum slope field at which the derivative of M(H) presents a peak. In figure 6.19 we plot
∂M/∂H including a magnified view in the inset for fields closer to the transitions.
We can see that the SF transition in Pb2VO(PO4)2 is extremely well defined. The
size of the step in M(H) decreases and shifts to higher fields when the temperature is
increased, as expected from thermodynamic principles. The results from χ(T) and M(H)
measurements about the position of the SF transition in the H–T phase diagram should
coincide and this indeed is the case here, as shown in the partial H–T phase diagram
depicted in figure 6.20.
Figure 6.19: ∂M/∂H vs.H corresponding to the M(H) measurements shown in fig. 6.18 of a
Pb2VO(PO4)2 single crystal with H applied along [010]. Inset: enlargement around the
transition at HSF (T). Note the logarithmic scale on the vertical axis.
The SF transition in the H–T phase diagram conforms a phase boundary line which
monotonously increases with temperature and ranges from H(0)SF ≃ 9400± 200 G at T = 0
(estimated by extrapolation) until the bicritical point at (TBc, HBc)≃ (3.23 K, 10950 G).
We obtained H(0)SF by fitting HSF (T) in the temperature range 2K < T < 3.4 K with a 2
nd
order polynom (see fig. 6.20).
These measurements also show that, with increasing field, TN initially shifts towards
lower temperatures for applied fields lower than HBc. But, at higher fields, when the
compound enters directly into the SF region of the H–T phase diagram at TN , this
ordering temperature increases monotonously with increasing field even at the highest
attainable field in our MPMS (5 T). Using Cp(T) measurements we verified this increase
of TN above the SF transition until a maximum transition temperature is reached at about
H = 7 Tesla. For higher fields (up to a maximum experimental field of 14 T) TN started
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Figure 6.20: Spin-Flop phase transition line on the Pb2VO(PO4)2 phase diagram. HSF is the
field at which the Spin-Flop transition takes place at a given temperature. TN is the ordering
temperature towards the antiferromagnetic collinear state. (HBc, TBc) is the bicritical point at
which the Spin-Flop transition line ends.
to decrease monotonously. This behaviour may be understood if we consider that the
external field initially acts as a further anisotropy, reducing fluctuations thus increasing
TN . For even higher fields, the effect is that expected for a typical antiferromagnet, the
external magnetic field destroys the antiferromagnetic order by decreasing TN which now
follows the Hc(T,H) line shown in the full phase diagram plotted in fig. 6.30.
Now that we have obtained the value of H(0)SF , we are in a position to estimate the
easy-axis anisotropy energy by means of the Mean Field anisotropy field HA which can
be obtained from eq. 6.19. In a two-dimensional square lattice HE depends on the
exchange constants as: HE = (2|J |zS)/(gµB), where z is the number of neighbors with
which the cation interacts through J , S is the spin of the magnetic cation, g is the Landé
gyromagnetic factor and µB is the Bohr magneton. In our case the situation is more
complicated than in the ideal square lattice system because of the frustration between NN
and NNN interactions. We consider that, in this lattice, the exchange field is conformed
by only the NNN interactions because in the collinear order the exchange field due to NN
cancels out. Therefore, with z = 4 for NNN and S = 1/2, our expression for HE takes the
form: HE = 2zS|J2|/(gµB) = 2|J2|/µB. In Pb2VO(PO4)2 J2 = 9.43 K (from single crystal
data), then HE = 18K/µB ≃ 28 T. Using this value for HE and the experimental result
for H(0)SF , we estimated HA = 117.8 G. The corresponding easy-axis energy EA calculated
as EA = gmuBHA/S is 0.042 K. It is very useful to compare this anisotropy with respect
to the dominant magnetic interactions in the compound. The ratio HA/HE has been
commonly used in the past as a relative anisotropy in order to elucidate the effect of the
anisotropy in the physical properties of a particular compound and in order to draw general
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conclusions. In our case HA/HE = 4.2×10−4, which means that the uniaxial anisotropy is
relatively small.
Figure 6.21: Estimation of Hc from M(H) at 2K of a Pb2VO(PO4)2 single crystal with H‖b.
Inset: magnification around the range of measured fields showing the Spin-Flop transition at
HSF .
Having an estimation of HE (though rather crude), we may now calculate the expected
saturation field at T = 0 for which both the uniaxial anisotropy and the magnetic interac-
tions presents in the material are overcome by the external field and the magnetic system
enters the field aligned state. Substituting HA and HE in eq. 6.20 we obtain Hc ≃ 56 T.
This value can be confirmed from the M(H) measurements at low temperature linearly
extrapolating the observed magnetization up to the saturation value which is reached at
Hc. Our estimation will be inherently uncertain because of the comparatively short range
of measured fields (we measured up to 5 T while the expected saturation field is about
56 T). The result of such extrapolation, in the magnetization vs. field measurement taken
at 2 K in the single crystal (with H‖b), has been plotted in figure 6.21 (in the inset we
enlarged the measured range). The value obtained from this procedure is in excellent
agreement with the above calculated because we got that the saturation field should be
around 57 T. This confirmation brings another evidence in favor of the value obtained for
J2 and that the ground state is of collinear type (if it were the Néel one then the exchange
field would be different with J1 as the main interaction).
Our results on the anisotropy energy in Pb2VO(PO4)2 are comparable to those re-
ported for the oxyhalide VOCl[311]. This compound present a two-dimensional structure[312]
and magnetic properties proper of two-dimensional square-lattice Heisenberg Antiferro-
magnets with a weak uniaxial anisotropy. The reported values for the anisotropy are
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EA > 0.04 K and HA/HE > 3×10−4. These values are closer to those found in Pb2VO(PO4)2,
although VOCl is a V3+ (S = 1) compound and has a quite different structure too. Un-
fortunately, we could not find more works about anisotropy effects in V4+ compounds in
the literature.
6.4.2 Specific heat results of Pb2VO(PO4)2
The measurements of the specific heat at constant pressure (Cp(T)) were performed
in a commercial calorimeter (PPMS - Quantum Design) using a standard adiabatic tech-
nique on the same samples as those on which magnetic susceptibility measurements were
performed. The experimental details were described in chapter 4.
Figure 6.22: Cp(T) of a Pb2VO(PO4)2 single crystal at zero field. Inset: detail of the total Cp
in the low temperature part.
The zero-field Cp(T) of a Pb2VO(PO4)2 single crystal (between 0.5 K and 200 K) is
shown in figure 6.22. In this figure, we included an inset where the low temperature area
was enlarged in order to make the magnetic part visible.
The specific heat of Pb2VO(PO4)2 is composed of two contributions, the lattice spe-
cific heat (phonons) and the magnetic specific heat (from the spin system). The former
completely dominates at high temperatures whereas the later is the dominant at low
temperatures. In fig. 6.22 (especially in the inset) we show our estimations for these
contributions with a dotted line (phonons) and a continuous one (magnetic part) whereas
the circles indicate the measured total specific heat.
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In fact, our first Cp(T) measurements on Pb2VO(PO4)2 were performed on polycrys-
talline samples until suitable single crystals were available. We observed minor, but
important, differences between an as-grown polycrystalline sample, an annealed one and
a single crystal (fig. 6.23). The differences consisted in a smaller magnitude of Cp(T)
below 10 K and a much less pronounced peak at TN in the polycrystalline samples. We
observed that the Cp(T) of the annealed polycrystal is closer to that of the single crystal
than that of the unannealed one, this suggests that single crystal data are closer to the
intrinsic behaviour than the polycrystalline data. Therefore we decided to base our quan-
titative conclusions in the measurements performed on the Pb2VO(PO4)2 single crystal
leaving the measurements on polycrystalline samples as a qualitative complement.
Figure 6.23: Comparison at low temperatures of the zero-field Cp(T) of Pb2VO(PO4)2
polycrystalline and single crystal samples. Inset: magnification around the transition.
We conjecture that these differences may have basically two origins, either the poly-
crystalline samples are not perfectly pure (something that we already suggested when we
estimated the magnetic effective moment from the χ(T) measurements) or a poor thermal
contact between grains in the polycrystal (sintered pellet) reduces the signal, and smooths
it, at the transition. However, we have no other evidence for such effects because the poly-
crystalline pellets were quite dense and the X-ray analysis of the samples did not detect
foreign phases. The magnitude of Cp(T) in this temperature range is quite relevant, be-
cause it is completely determined by the magnetic contribution, which can be used to get
some information on the ratio J2/J1. The most affected parameter is clearly the magnitude
of the magnetic specific heat at the maximum in the polycrystalline samples which would
be smaller than the actual value. These reduced values would lead to an overestimation
of the frustration when comparing the data with theoretical predictions[1, 300, 302].
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6.4.2.1 Estimation of CPhonp and C
Magn
p :
The first step was to get an estimate of the phonon part of the specific heat CPhonp (T).
For this purpose, the Cp(T) data at high temperatures, above TMin ∼ 18 K, were fitted
by a sum of Debye functions. Using the Debye-temperatures obtained from this fit we
calculated CPhonp (T) down to the lowest investigated temperature and substracted it from
the measured data. The remaining part was taken as magnetic contribution.
During the fitting procedure, we realized that the magnetic part is still significant at
18 K, and cannot be neglected in the fitting procedure if one needs a reliable estimate of
the phonon contribution at low temperatures. Since the magnetic specific heat CMagnp (T)
is proportional to T−2 in the high temperature limit, it was accounted for by an A/T 2
term added to the Debye functions when fitting the high temperature data.
In the Debye model we use five different Debye temperatures (θD) as adjustable pa-
rameters. This was necessary because of the large differences in atomic masses, the
complicated low-dimensional structure and the variety of bonding strengths within the
lattice. The adjusted Debye temperatures can be interpreted as follows: θD1 for Pb1, θD2
for Pb2, θD3 for the V4+ and the two P5+ together, θD4 for the five pyramidal oxygen
atoms and θD5 for the remaining four tetrahedral oxygen. The resulting function, which
was adjusted to the measured Cp(T) in the range TMin ≃ 18 K < T < 200 K is the following:
Cp(T ) =
A
T 2
+ 9R
5
∑
n=1
cn
(
T
θDn
)3 ∫
θDn
T
0
x4ex
(ex − 1)2 dx (6.22)
with: c1 = c2 = 1, c3 = 3, c4 = 5 and c5 = 4. All the cn added gives 14, the number of
atoms per formula unit in Pb2VO(PO4)2.
As a result of this fitting we obtained the following Debye temperatures: θD1 ≃ 100 K,
θD2 ≃ 147 K, θD3 ≃ 291 K, θD4 ≃ 652 K and θD5 ≃ 1463 K, with A≃ 342 JK/mol. The re-
sulting CPhonp adjusts extremely well to the data at high-temperatures down to about 25 K,
where the magnetic part starts to have some influence (as it can be seen in figure 6.22).
The broad range of Debye temperatures indicate that it is not possible to fit the experi-
mental data with less parameters (as we initially tried). The splitting of the contributions
from Pb into two could be due to the very different coordination polyhedra surrounding
Pb1 and Pb2. Our initial Debye function contained only one θD for both Pb but this
approach was clearly not enough for correctly fitting the data in the range 25–45 K. An
appreciable (and artificial) bump always appeared in the resulting CMagnp , which disap-
peared when we split the Pb contribution into two parts. During the fitting procedure, we
could follow how these θD separated away from the averaged previous value (about 120
K), one going down in T while the other increasing by a similar amount. This approach
was also used when fitting the Cp of the related BaZnVO(PO4)2 and SrZnVO(PO4)2 com-
pounds, in which it is evident that the heavier cations (Ba2+ and Sr2+) should have a
lower θD than the lighter Zn2+ ones (as we will show later).
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With respect to the other θD we can say that the results are reasonable because the
intermediate θD of vanadium and phosphorous coincide with their intermediate atomic
weights whereas the larger θD associated with the oxygen atoms are reasonable in terms
of its lightness and strong chemical bonds.
These results about CPhonp (T), were later similarly reproduced in the other phosphates
BaZnVO(PO4)2 and SrZnVO(PO4)2 as expected from the extremely similar structures. In
the case of the Li compounds (Li2VOSiO4 and Li2VOGeO4) the results also follow these
trends but with the differences expected from the change in structure (different number
of θD).
6.4.2.2 Analysis of CPhonp
Since a reliable estimation of the phononic specific heat at low temperatures (< 20 K)
is crucial for the determination of the magnetic specific heat and for the conclusions drawn
from CMagnp (T), we performed a cross check of the estimated low temperature C
phon
p (T).
For this purpose, the estimated CPhonp (T) was fitted at low temperatures by an odd power
law in T, where we took only the two first terms, i.e. CPhonp (T) = βT
3 + γT5. The quality
of the fit is shown in the upper part of fig. 6.24. The pure T3 behaviour is followed up to
10 K, while the additional T5 terms allows for a reasonably good fit until T∼ 15 K. The
best fit was obtained with β ≃ 2.9×10−3 J/molK4 and γ ≃ -1.9×10−6 J/molK6.
In the second approach, we fit the measured total specific heat in an intermediate
temperature range (12 K < T < 25 K) using for the phonons part also the two lowest order
in T and for the magnetic part the lowest order in 1/T, i.e.
CMeasp (T ) = β
′T 3 + γ′T 5 + A′/T 2 (6.23)
This fit procedure is depicted in the lower part of figure 6.24, where we plot Cp/T 3
vs. 1/T 5. This kind of plot was chosen because the slope at large values of 1/T5 cor-
responds to A, the extrapolation of this slope to 1/T5. The best fit is obtained with
β ≃ 2.92×10−3 J/molT4, γ ≃ -2.26×10−6 J/molT6 and A ≃ 249 JK/mol. The β-values
obtained by these two fits agree within 1% but the γ-values are 30% lower than that
obtained by the high temperature fit mentioned in the beginning of this analysis. This
comparison indicates that our initial fit of the phonon contribution is quite reliable, while
all these analysis procedures do not lead to a reliable value of the A-coefficient. The
range of temperatures chosen on this second approach can strongly influence the values
obtained. If the temperatures are too high, then the phononic part will be not well deter-
mined while if the temperatures are too low then the phonons will be well described but
not the magnetic part. This is supported by a test in which, as a last analysis procedure,
we changed the temperature limits of the fit range and looked at the change in the param-
eters. We have included in fig. 6.24 a second fit where TMin was shifted to 11.4 K. The
new values for the fit parameters are β ≃ 2.96×10−3 J/molT4, γ ≃ -2.24×10−6 J/molT6
and A≃ 222 JK/mol. While β and γ changed only by less than 1.5 %, A decreased by
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Figure 6.24: Low temperature analysis of CPhonp (T) of the Pb2VO(PO4)2 single crystal at zero
field. Upper plot: CPhonp (T) with first and second order approximations. Lower plot:
Cp(T)/T3 vs. 1/T5 plot fitted with the same model as above plus an A/T 2 magnetic term.
11%. This means that the most affected parameter was the magnetic contribution. When
we lowered TMin we went closer to the maximum in CMagnp enhancing the departure from
the divergent T−2 behaviour and, thus, the value of A is smaller.
The actual value obtained for A, in this range of temperatures, needs to be considered
in some detail, therefore it will be discussed in the next section.
6.4.2.3 A comment on the first order term in the HTSE
Let us briefly discuss here an important point we found when we worked with the
HTSE that may lead to a misinterpretation of the data if used incorrectly. Our finding
shows that using only the lowest (first) order of the HTSE, the A/T 2 term, might lead to a
misinterpretation of the results. For that reason, some of the discussion in the literature,
which were based in this lowest order, have to be considered with some precautions.
In figure 6.25 we plot the magnetic specific heat calculated with the HTSE taking all
terms until a given order. On the left side, the series was evaluated with the J1 and J2
values of solution a obtained from the fits to χ(T). On the right side, we evaluated the
series for solution b.
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Figure 6.25: Order dependency of the HTSE for CMagnp (T). Comparison between the solutions
for Pb2VO(PO4)2. Left: solution a. Right: solution b.
The most important thing to note in these plots is the significant difference between
the results when only the first order is taken and the results when the second or further
higher order terms are included. While from the second order on the results follow quite
closely those for the highest order down to ∼ 13 K (solution a) or 20 K (solution b), the
first order deviates already at temperatures as large as 28 K (a) or 35 K (b). Thus it
is obvious that taking only the first order term, results in a significant error already at
temperatures as large as 3J . Further, it turns out that in the case of Pb2VO(PO4)2,
between 10 K and 30 K the first order result for solution a perfectly matches the result
with all 9 terms for solution b, while the first order result for solution b is quite close to
the results with all 9 terms for solution a. Thus, comparing the experimental results only
with the first order result of the HTSE leads to the wrong conclusion. More explicitly, the
first term is given by A/T 2 = 3.117948(J21 + J
2
2 )/T
2 J/molK. If we calculate the A values
for the two solutions obtained from the χ(T) fits we get A≃ 360 JK/mol for solution
a (J1 = -5.17, J2 = 9.43) and A≃ 239 JK/mol for solution b (J1 = 8.1, J2 = -3.3). A fast
comparison between these values and the A-value obtained in the previous section from
the fit to the measured Cp(T) would lead to conclude that the magnetic behaviour of
Pb2VO(PO4)2 is well described by solution b. We will show in the next part that this
conclusion is indeed wrong.
6.4.2.4 Analysis of CMagnp
In figure 6.26 we can see that the magnetic specific heat follows the general behaviour
expected for a low dimensional magnetic system. Coming from high-temperatures, it in-
creases with decreasing temperature until it reaches a round maximum at TCpMax ≃ 4.48 K
with a magnitude CMagnpMax ≃ 3.64 J/molK. For T below T
Cp
Max, C
Magn
p also decreases slightly
until at TN a peak (very sharp in the single crystal data) corresponds to the second order
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phase transition towards a magnetic ordered phase. Below TN , CMagnp decreases very fast
towards zero following a complicated behaviour which we could not describe in terms
of a simple power law or an exponential behaviour. We tried to fit the data between
0.4 < T < 3 K with different simple power laws or an exponential law. It turns out that
none of these functions described the data satisfactorily over a large temperature range.
In the lowest temperature range, between 0.4 K and 1.7 K, the best fit was obtained with a
sum of a term linear in T and a cubic term, CMagnp (T) = αT + βT
3 with α = 0.014 J/molK2
and β = 0.033 J/molK4. While the T3 contribution can easily be accounted for by the an-
tiferromagnetic magnons, we have no explanation for the small linear term. We did not
find a clear evidence for the exponential behaviour expected for an anisotropic antiferro-
magnet. It might be that it is masked by the linear term or that the related energy gap
is too small to make an effect in the investigated temperature range.
In order to evaluate how well CMagnp has been estimated, we calculated the total mag-
netic entropy by integrating CMagnp /T between 0 K and high-temperatures. It should reach
the value: SMagn = Rln(2) = 5.7632 J/molK. We completed the measured data adding an
extrapolation for temperatures below the lowest measured point at 0.4 K and an A/T 2
tail at high temperatures (A was taken from the previous fits). For the low tempera-
ture extrapolation we used the function obtained from the fit shown in fig. 6.24. In the
high-temperature part we found that the noise in CMagnp is quite large compared with its
absolute value because of CPhonp and the decrease of C
Magn
p with decreasing temperature.
For this reason, we decided to replace the estimated CMagnp above T≃ 25 K by the asymp-
totic high-temperature A/T2 behaviour. One should note that the contribution of both
extrapolation regions contribute to only 2% to the total magnetic entropy SMagn. Thus
the value of SMagn is insensitive to the way these extrapolations are done. The result of
this procedure is the value SMagn ≃ 5.22 J/molK which is 10% smaller than the expected.
We suppose that this discrepancy might be attributed to a small overestimation of CPhonp
or to a direct deficiency on the magnetic part whose origin we could not identify. However,
Figure 6.26: Determination of the CMagnp (T) behaviour when T→0.
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the lack of entropy is not large, suggesting that the real CMagnp should be slightly larger.
Figure 6.27: Comparison of the CMagnp (T) of Pb2VO(PO4)2 with the 9th order HTSE
solutions obtained from the χ(T) measurements. Inset: Magnification around TN in order to
show the important influence of CPhonp .
The most important part of our analysis of CMagnp is the comparison between the
experimental data and the predictions of the 9th order series expansion. At this point, it
is necessary to clarify that we did not fit directly the experimental CMagnp with this HTSE.
We consider that the contribution from the phonons is so large compared to the magnetic
one at high temperatures that any small change in the Debye temperatures may seriously
distort the high-temperature part of CMagnp . Therefore it is not possible to get a reliable set
of numerical values for the exchange constants J1 and J2 by fitting the poorly defined high-
temperature part of the CMagnp . Though, at intermediate temperatures (10 K < T < 30 K),
the differences between the predicted specific heat of the two possible solutions (defined
by the fit of the susceptibility) are big enough for allowing a selective comparison between
data and HTSE.
From figure 6.25 we can deduce that the HTSE up to the 9th order describes the
specific heat quite accurately down to temperatures of the order of 12 K (in the case of
Pb2VO(PO4)2) because below this temperature the inaccuracy increases very fast. For
this reason, the comparison between the HTSE curves and the experimental data should
be limited to temperatures above 12 K for Pb2VO(PO4)2. This lower limit depends on
the magnitude of the magnetic interactions of the compound investigated, thus, in the
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case of the Li-containing compounds, this temperature can be lowered some degrees while
for the other two phosphates (BaZnVO(PO4)2 and SrZnVO(PO4)2) it will be the same as
for Pb2VO(PO4)2.
We performed the comparison in figure 6.27, where the measured Cp(T) (in a single
crystal) has been plotted together with the estimations for CMagnp and C
Phon
p . We included
in this figure the 9th order HTSE predictions for CMagnp generated by evaluating the series
with the values of J1 and J2 of both solutions a and b obtained from the fits of the χ(T)
data. We can see that the influence of the CPhonp is important even for T of the order of
TN and that it might influence, albeit to a minor extent, the values of C
Magn
pMax and T
Cp
Max.
In this plot, we can see that both solutions agree very well with the estimated CMagnp
above 25 K. Below this temperature, solution b grows much faster than the experimental
results leading to a difference of about 40% at 12 K. In contrast, solution a stays very close
to the estimated CMagnp , being only slightly larger with a much smaller difference of about
15% with the data. The analysis of the entropy indicates that the real magnetic specific
heat is likely to be slightly higher than our estimation, which would lead to an even better
agreement. Thus, solution a leads to magnetic specific heat in complete agreement with
the experimental results. In contrast, it seems very difficult to find a curve with a smooth
curvature which would join the results of solution b at 12 K and the maximum at around
4.5 K. This indicates that solution b is rather incompatible with our experimental results
for the magnetic specific heat of Pb2VO(PO4)2.
Therefore, our experimental study of the magnetic and thermodynamical properties of
Pb2VO(PO4)2 shows that this compound can be well described by the J1−J2 model. The
fit of the magnetic susceptibility leads to two possible solutions for the magnitude of the
exchange constants and to the prediction that one of them is ferromagnetic. Because of the
appreciable differences in the magnitude of the specific heats predicted for these solutions
the comparison with our experimental data allows to discriminate between both solutions.
We found that the solution J1 = -5.17 K and J2 = 9.43 K best matches the measured CMagnp
of Pb2VO(PO4)2. For this reason, we conclude that Pb2VO(PO4)2 is the first example
of a two-dimensional ferromagnetic square-lattice system with a next-nearest-neighbor
antiferromagnetic interaction on the diagonal which produces an important degree of
frustration with α = J2/J1 = -1.82. This result places Pb2VO(PO4)2 in the right side of
the phase diagram of fig. 6.6 with a predicted ground state of the collinear type. In the
general J1 − J2 phase diagram (shown in fig. 6.7) this degree of frustration corresponds
to a frustration angle φPb2V O(PO4)2 = 118.73
◦ which places Pb2VO(PO4)2 in the region
φc4 < φ < φc5.
6.4.2.5 Field dependence of CMagnp
We investigated the effect of an external magnetic field on the CMagnp of Pb2VO(PO4)2
by measuring the single crystal with the field applied perpendicular to the layers. We do
not applied the field in other crystallographic directions because of the construction of
the cryostat. The platform where the sample is mounted always lies perpendicular to the
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field in the standard PPMS. The only possibility for measuring along other directions is to
use the 3He inset in which the sample holder is rotated 90◦, the platform being oriented
parallel to the external field. Unfortunately, a measurement takes much more time in
this device than in the standard 4He PPMS. This problem was enhanced by the large
size of our single crystal (∼ 30 mg.). We run out of time and therefore a more complete
study, including anisotropy effects had to be postponed to future works. For this reason, a
specific heat study of the Spin-Flop transition could not be included in the present work.
Figure 6.28: Pb2VO(PO4)2 single crystal CMagnp (T) with applied magnetic fields of 7, 10 and
13.5 Tesla . Inset: Enlargement around TN .
In figure 6.28 we plot the measured CMagnp of the Pb2VO(PO4)2 single crystal at zero
field and 7, 10 and 13.5 Tesla. We choose to plot this data like CMagnp /T vs. T in order
to directly visualize the change in the entropy distribution when the field is applied. In
the inset of this figure we enlarged the area around the phase transition. Because of time
shortage we could not measure CMagnp of the single crystal at lower fields. However, we
have extended data for the polycrystal, which were obtained before the availability of the
single crystal. These results are shown in fig. 6.29 where we again plot CMagnp /T vs. T, but
focusing the plot around the phase transition. Comparing these two sets of data we can
see that the magnetic phase transition in the polycrystalline sample looks less sharp than
in the single crystal. Clearly this is a sample-dependent effect whose origin is probably the
poorer thermal conductivity between the sintered grains in comparison to the compact
single crystal as well as some slight inhomogeinity in the polycrystalline samples.
From fig. 6.28 we can conclude that the main effect of the applied magnetic field is
to reduce the amount of entropy above the phase transition and to shift it towards the
transition itself. This can be understood considering that in this kind of low-dimensional
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Figure 6.29: CMagnp (T) of polycrystalline Pb2VO(PO4)2 around the magnetic phase transition
with applied fields of 2, 3, 4, 6.5, 8, 10, 12 and 13.5 Tesla.
systems there are strong fluctuations at low temperatures which supress long range or-
dering and allow only short range correlations between the magnetic spins. These short
range correlations are the origin of the typical bump appearing in CMagnp at temperatures
of the order of J . When the magnetic field is applied, it introduces a new unidirectional
anisotropy in the magnetic lattice which decreases the magnetic fluctuations and thus
enhances the correlations. This leads to a shift of the bump to lower temperatures pro-
ducing a shift of the entropy gain. When the temperature is decreased and the system
gets ordered at TN , the increase in entropy until TN is much larger than at zero field,
producing a much sharper peak in CMagnp at TN .
The field also affects TN itself because the reduction in the quantum spin fluctuations
allows an initial enhancement of TN proportional to the field (as in the pure 2D Heisenberg
Antiferromagnet). This enhancement of TN saturates at some field whose dependence
on the different magnetic exchanges is not well studied yet. When the field is further
increased, TN starts to decrease monotonously until it is completely suppressed (TN = 0)
at H = Hc. In figure 6.28 this behaviour of the TN of Pb2VO(PO4)2 is evident, because
the peak associated with the phase transition initially shifts towards higher temperatures
and becomes sharper, while the bump above TN decreases in magnitude and disappears.
Above H = 8 T the peak at TN shifts systematically towards lower temperatures but its
height and shape stay constant. From this CMagnp measurements we conclude that the
maximum TN is located between 7 and 8 T with a maximum value of TSatN = 3.85 K.
This is the typical behaviour expected for a low dimensional antiferromagnet with a
weak uniaxial anisotropy immersed in a magnetic field as it was already depicted in the
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qualitative H–T phase diagram shown in figure 6.20. The estimation of Hc we performed
using the Spin-Flop transition energy and the exchange energy gave a value of about 57 T,
much larger than the maximum field of 14 T we could apply experimentally. Therefore
we could not reach or even get closer to Hc.
6.4.3 Magnetic phase diagram of Pb2VO(PO4)2
Combining the results from our χ(T) and Cp(T) measurements we constructed the
magnetic H–T phase diagram plotted in figure 6.30. This phase diagram contains three
regions separated by two phase transition lines. These regions are the paramagnetic phase,
the collinear antiferromagnetic state with the moments aligned along the easy direction
and the collinear antiferromagnetic state with the moments flopped perpendicular to the
direction of the field. The phase transition lines are the order-disorder line between the
paramagnetic and the antiferromagnetic states at TN(H) and the Spin-flop (SF) transition
at the critical temperature TSF (H) (or in terms of the critical field HSF (T)). The SF tran-
sition was determined only from χ(T) and M(H) measurements on a single crystal. The
TN (H) line was determined from both χ(T) and Cp(T) as the temperature at which the
susceptibility showed a kink and the specific heat a peak. The results from susceptibility
and specific heat agree very well as can be seen in the phase diagram.
Figure 6.30: H–T phase diagram of Pb2VO(PO4)2 for H‖b. HSF : line of fields at which the
Spin-Flop phase-transition takes place. TN : temperature at which long range order
(antiferromagnetic collinear state) takes place.
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6.5 Study of BaZnVO(PO4)2 and SrZnVO(PO4)2
The next compounds we are going to present now are two vanadium phosphates whose
structures are extremely similar to the Pb2VO(PO4)2 one. The relationship is the re-
placement of the two Pb2+ cations either by Ba2+ and Zn2+ or by Sr2+ and Zn2+. These
compounds were discovered by Meyer and Müller-Buschbaum[244, 245] a few years ago,
but they only reported the structural characterization. Until now, to the best of our
knowledge, no physical studies have been carried out on them. The profound structural
similarities with Pb2VO(PO4)2 attracted our interest since we realized that the small
changes introduced by the cationic substitution represent a big potential for tuning the
magnetic exchange J1 and J2 and thus the frustration ratio.
6.5.1 Structures
The projections of the BaZnVO(PO4)2 and SrZnVO(PO4)2 structures along [010] are
shown in figure 6.31. We can see that these structures are very similar to each other
and to that of Pb2VO(PO4)2 (compare with fig. 6.1). The main difference between these
compounds and Pb2VO(PO4)2 is their ortorhombic symmetry instead of the monoclinic
one of Pb2VO(PO4)2. This difference arises from the way the VOPO4 layers are stacked
along the c axis and, therefore, it does not imply any significant structural change in
the magnetic layers. In BaZnVO(PO4)2 and SrZnVO(PO4)2, the structural axis in the
ab plane were defined in the literature rotated 90◦ with respect to the Pb2VO(PO4)2
ones. For this reason, the wave vector of the modulation in the VOPO4 layers in these
compounds is parallel to the a axis (or [100]) instead of parallel to b (or [010]) as in
Pb2VO(PO4)2.
In Table 6.6 we show the main structural parameters of these compounds includ-
ing some important internal distances which we think are relevant for the magnetic su-
perexchange. The labels of the oxygen atoms are the same in both BaZnVO(PO4)2 and
SrZnVO(PO4)2 but, unfortunately, do not coincide with those in Pb2VO(PO4)2. For this
reason, the equivalent oxygen labels for Pb2VO(PO4)2 are shown in parentheses.
If we compare the lattice parameters we see that a and b are slightly larger in SrZnVO(PO4)2
than in the other two phosphates (in which they are very similar). The c axis in
SrZnVO(PO4)2 is shorter compared to that in BaZnVO(PO4)2. In order to correctly
compare the inter-layer distances in these compounds, we took the half of the c axis
length in BaZnVO(PO4)2 and in SrZnVO(PO4)2 because, in these compounds, a unit
cell embraces two inter-layer zones with a VOPO4 layer in between. In the case of
Pb2VO(PO4)2 the c parameter does not represent directly the distance between the
VOPO4 layers because of the monoclinic angle (between a and c). With a bit of trigonom-
etry the distance d⊥ between layers in Pb2VO(PO4)2 is calculated as: d⊥ = c sin(180◦ −
β) = c sin(79.04◦) = 9.8635 Å. In table 6.6 we can see that Pb2VO(PO4)2 is the compound
in which the layers are more separated but with a distance similar to that found in
BaZnVO(PO4)2. In contrast, in SrZnVO(PO4)2 the inter-layer distance is appreciably
smaller compared to the other two.
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Figure 6.31: View along the b axis of the BaZnVO(PO4)2 and SrZnVO(PO4)2 structures
This behaviour qualitatively correlates with the ionic radius of the involved A2+
cations4: Ba2+ = 1.35 to 1.42 Å, Sr2+ = 1.18 to 1.26 Å, Pb2+ = 1.12 Å and Zn2+ = 0.6 to
0.73 Å. We can see that Zn2+ is much smaller than Pb2+, which explains the smaller d⊥
in SrZnVO(PO4)2. In the case of BaZnVO(PO4)2 there is a partial compensation between
the larger size of Ba2+ and the appreciably smaller size of Zn2+ compared to Pb2+. This
introduces changes in the orientation of the inter-layer PO4 groups between Pb2VO(PO4)2
and BaZnVO(PO4)2 without changing d⊥.
The characteristics of the inter-layer zone are very important in these compounds,
because it determines the degree of modulation of the VOPO4 layers. This modulation
modifies all the molecular bond angles and lengths in comparison to the highly symmetric
Li2VOSi(Ge)O4 compounds. One expects this to modify the superexchange energies and
thus the magnetic properties. Among these compounds, SrZnVO(PO4)2 presents the
highest degree of modulation of the VOPO4 layers.
We now focus our attention on the local environment of the V4+ cation. In these
two vanadium phosphates compounds the coordination is pyramidal as in Pb2VO(PO4)2
but with some changes. The V-O distances are also shown in table 6.6. These distances
indicate that there exist a well defined short vanadyl bond towards the apical oxygen,
4Periodic Table of the Elements, Wiley-VCH Verlag GmbH, 1999.
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Pb2VO(PO4)2 BaZnVO(PO4)2 SrZnVO(PO4)2
a=8.747 b=8.814 b=9.012
lattice par. [Å] b=9.018 a=9.039 a=9.066
c=9.8635 c=18.538 c=17.513
d⊥ [Å] 9.8635 9.269 8.7565
α, β, γ (◦) 90, 100.96, 90 90,90,90 90,90,90
Cell Volume [Å3] 1527.3 1476.9 1430.8
Z 8 8 8
Space Group P21/a Pbca Pbca
V-O4(O9) [Å] 1.6012 1.5880 1.5996
V-O1(O2) [Å] 2.4311 2.3914 2.1881
V-O6(O5) [Å] 2.0176 2.0454 2.1100
V-O9(O6) [Å] 1.9674 1.9934 2.0387
V-O2(O7) [Å] 1.9519 1.9559 1.9712
V-O8(O1) [Å] 2.0198 1.9740 1.9988
<V-Obase> [Å] 1.9892 1.9922 2.0297
<O-O>Pyr. [Å] 2.7697 2.7894 2.8437
P-O6(O5) [Å] 1.5289 1.5645 1.5836
P-O9(O6) [Å] 1.5204 1.5261 1.5294
P-O2(O7) [Å] 1.5439 1.5286 1.5315
P-O8(O1) [Å] 1.5525 1.5296 1.5335
<P-O> [Å] 1.5364 1.5372 1.5445
O6-O9(O1-O5) [Å] (J2) 2.4455 2.4095 2.4904
O2-O8(O7-O6) [Å] (J2) 2.3855 2.3885 2.3967
O8-O9(O7-O5) [Å] (J1) 2.5966 2.5869 2.5461
<O-O> [Å] (J2) 2.4155 2.3990 2.4436
O6-O2(O1-O6) [Å] (J1) 2.5739 2.5461 2.5192
O6-O8(O1-O7) [Å] (J1) 2.5189 2.5603 2.5712
O2-O9(O6-O5) [Å] (J1) 2.5251 2.5591 2.5903
<O-O> [Å] (J1) 2.5536 2.5631 2.5567
Table 6.6: Main structural parameters of Pb2VO(PO4)2, BaZnVO(PO4)2 and SrZnVO(PO4)2.
The notation A-OX(OY) means the distance between the cation A and the oxygen atom
labeled X in BaZnVO(PO4)2 and SrZnVO(PO4)2 but labeled as Y in Pb2VO(PO4)2.
<V-Obasal> is the average of the distances between the vanadium and the oxygen atoms in the
base of the pyramid.
with a similar length in all three compounds. The larger equatorial distances are also
similar between BaZnVO(PO4)2 and Pb2VO(PO4)2 but slightly larger in SrZnVO(PO4)2.
The biggest difference appears in the trans-vanadyl bond because it is quite large in
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Pb2VO(PO4)2 and BaZnVO(PO4)2 (∼ 2.4 Å) but it is rather short for SrZnVO(PO4)2
(∼ 2.19 Å). This distance is more typical for an octahedral coordination than for a pyra-
midal one and correlates well with the larger equatorial distances between V4+ and the
oxygen atoms in these compounds. These differences may suggest that the on-site prop-
erties of V4+ may also be slightly different in SrZnVO(PO4)2 with respect to the others.
6.5.2 Synthesis procedure
For SrZnVO(PO4)2 and BaZnVO(PO4)2 only polycrystalline samples were synthesized
by a process very similar to the synthesis of Pb2VO(PO4)2. The samples were prepared
according to the general procedure for polycrystalline samples, described in chapter 3.
We synthesized them in the form of pellets using platinum crucibles in high dynamical
vacuum. The synthesis reaction was the same for both compounds (‘Ba(Sr)’ means either
Ba or Sr):
Ba(Sr)ZnP2O7 + V O2
750 ◦CGGGGGGGGGGA
24 h
Ba(Sr)ZnV O(PO4)2
In order to obtain the precursors BaZnP2O7 or SrZnP2O7 we performed the following
reaction in an open furnace in air:
Ba(Sr)CO3 + ZnO + 2 (NH4)H2PO4
800 ◦CGGGGGGGGGGA
24 h
Ba(Sr)ZnP2O7 + 2 NH3 + 3 H2O + CO2
Since after the synthesis of Ba(Sr)ZnVO(PO4)2, the products were not perfectly single-
phase, making a further annealing step necessary. For these annealings, we kept the same
synthesis conditions but rised the temperature up to 800 ◦C (first annealing) and 850 ◦C
(second annealing). For BaZnVO(PO4)2 we found that 800 ◦C is an appropriate synthesis
temperature because after the first annealing the sample was practically pure, but after
the second heat treatment signs of degradation appeared. In the case of SrZnVO(PO4)2,
it was clear that it needs slightly higher temperatures than BaZnVO(PO4)2 in order to
form. We observed that after the first synthesis, the pellet was clearly inhomogeneous and
poorly dense. After the first annealing it looked homogeneous but it was only after the
second annealing at 850 ◦C that the sample could be obtained in single phase form. This
behaviour of the reactions can be understood considering that usually heavier cations
imply lower melting temperatures and therefore a better reactivity at lower temperatures
than lighter cations.
Despite the extremely similar composition and chemistry, these compounds possess
different colours. BaZnVO(PO4)2 is light green (lighter than in Pb2VO(PO4)2) whereas
SrZnVO(PO4)2 is of a light brown colour.
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For our physical measurements we used the samples we considered to be the purest, i.e.
we chose the first annealed sample for BaZnVO(PO4)2 and the second annealed sample
in the case of SrZnVO(PO4)2.
6.5.3 Physical properties of BaZnVO(PO4)2
Since single crystals were not available, the measurements were restricted to polycrys-
tals, preventing e.g. an investigation of the magnetic anisotropy. Although the accuracy
of the data, especially those for the specific heat, might be lower than those obtained with
the Pb2VO(PO4)2 single crystal, the results are precise enough to allow for a well founded
analysis of the magnetic behaviour and especially of the magnetic exchanges.
6.5.3.1 Magnetic susceptibility
The magnetic susceptibility of BaZnVO(PO4)2 as a function of temperature for applied
fields of 1000 G, 1 T and 5 T has been plotted in figure 6.32. In the upper inset of this
figure we magnified χ(T) around the maximum and the magnetic phase transition. In the
lower panel we plot 1/χ(T) vs. T at 1000 G, including a Curie-Weiss fit.
Figure 6.32: χ(T) vs. T of BaZnVO(PO4)2 at 1000G, 1T and 5T. Upper inset: Magnification
around the maximum in χ(T). Lower inset: 1/χ(T) vs. T at 1000G, the line is the result of a
Curie-Weiss fit.
The magnetic properties of BaZnVO(PO4)2 are, in all aspects, similar to those of
Pb2VO(PO4)2 (see fig. 6.11 and the comparison in fig. 6.48) as is naturally expected
from the high degree of resemblance between both structures. At high temperatures χ(T)
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follows closely a Curie-Weiss law down to T≃ 50 K as shown in the lower inset of fig.
6.32. At intermediate temperatures χ(T) deviates from the CW behaviour and describes a
round, broad, maximum with TχMax = 8.61 K (slightly smaller than that in Pb2VO(PO4)2).
At lower temperatures χ(T) decreases smoothly until a kink at TN = 3.8 K reveals a
phase transition towards an ordered state. Below TN the behaviour depends on applied
magnetic field (as in Pb2VO(PO4)2). At 1000 G the susceptibility shows a step at TN
followed by a monotonous decrease in magnitude for T < TN . This step at TN (present
only at low fields) was neither observed in Pb2VO(PO4)2 nor in SrZnVO(PO4)2, making
it difficult to explain in the absence of single crystal results. This particular aspect of the
BaZnVO(PO4)2 χ(T) will not be explained in the present work because a more detailed
study of the magnetic phase transition requires good single crystals whose synthesis fell
beyond the scope of this work and deserves further research.
At higher fields (1 T and 5 T, for example), and for T < TN , χ(T) practically keeps
the value if has at TN . This differ from the temperature dependence of χ(T) observed at
lower fields. This behaviour is similar to that observed in Pb2VO(PO4)2, in which case
it is a consequence of the uniaxial anisotropy. This would suggest that some magnetic
anisotropy also exists in BaZnVO(PO4)2, but the lack of single crystal data did not allow us
to investigate this point. However, we may state the hypothesis that the similitude in the
V4+ local environment in both compounds might induce equivalent single-ion properties
and thus similar magnetic anisotropies.
Figure 6.33: 1/χ(T) vs. T of BaZnVO(PO4)2 at 1000G together with the series fits. Only
temperatures below 40K are shown for clarity because at higher temperatures the fits lye above
the data.
From these susceptibility measurements we also conclude that the BaZnVO(PO4)2
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samples employed did not contain any extra paramagnetic phase or unreacted VO2 be-
cause below TN , χ decreases monotonously without any tendency to increase as 1/T, even
at low fields, and because the characteristic step in the VO2 susceptibility[305] at about
350 K is also not observed.
Following the same analytical steps we performed for Pb2VO(PO4)2, a first set of
magnetic parameters for BaZnVO(PO4)2 were obtained by a Curie-Weiss fit. This fit is
shown as a line in the lower inset of figure 6.32 and in figure 6.33. From the CW fit we
get: µeff = 1.72 µB, θW = -4.74 K and χConst = -3.2×10−5 emu/mol. This effective moment
is extremely close to the expected value of 1.73 µB, indicating that all the V–ions are in
the 4+ oxydation state. As in Pb2VO(PO4)2, θW takes a small value in comparison to
TχMax suggesting a similar magnetic scenario in both compounds. The low value of χConst
can be accounted for by a Van-Vleck contribution or a minor diamagnetic contribution
from the sample holder.
After that, we went to the next model applying the 2nd order series (eq. 6.10). We
fitted the data at 1000 G down to TMin = 16 K (as for Pb2VO(PO4)2) and got an excellent
agreement even well below TMin (see fig. 6.33), roughly reproducing the susceptibility
around the maximum. The parameters obtained from this model are in good agreement
with the CW ones and are shown in table 6.7. The strength of the magnetic interactions
are close to those obtained for Pb2VO(PO4)2, agreeing also in the fact that J1 and J2
have different sign. This result is not surprising considering the strong similarity of the
magnetic susceptibility in both compounds.
In order to discern between J1 and J2 we fitted the data with the fourth order series
(eq. 6.12) in the same temperature interval as for the second order serie. The results
of these fits, plotted in figure 6.33 and presented in table 6.7, adjust excellently to the
measured data between room temperature and TMin for two solutions. In order to confirm
these results, we fitted the data at 1000 G with the ninth order HTSE expansion of Rosner
et al.[249] in the same range of temperatures. These fits, which are included in fig. 6.33,
also adjust very well to the measured data down to TMin. This procedure also lead to
two solutions whose parameters are also summarized in table 6.7. The values obtained
for these parameters are very similar to those obtained with the fourth order series.
Order
Solution a Solution b
µeff J1 J2 χConst µeff J1 J2 χConst
[µB] [K] [K] [emu/mol] [µB] [K] [K] [emu/mol]
2 1.72 (-5.72, 9.57) -2.7×10−5
4 1.72 -5.69 9.61 -3.7×10−5 1.73 8.0 -3.2 -4.9×10−5
9 1.72 -4.99 9.26 -3.4×10−5 1.73 7.95 -3.21 -3.7×10−5
Table 6.7: Results from the fits to the χ(T) of BaZnVO(PO4)2 with the 2nd, 4th and 9th order
models. In the case of the second order model we show the results in the columns for one of the
solutions, but it is clear that this model does not give two solutions as result and cannot
distinguish between J1 and J2.
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The outcome of this analysis is the determination that the close structural relationship
between Pb2VO(PO4)2 and BaZnVO(PO4)2 results in similar magnetic properties (spe-
cially the exchange constants). This means that, as expected, the magnetic properties
of these compounds are mostly determined by the intra-layer structure and interactions.
Thus, the way the magnetic layers are stacked along the c direction and the structural de-
tails in the inter-layer zone are of less importance with respect to the magnetic properties.
The modulation amplitude of the layers is practically the same between Pb2VO(PO4)2
and BaZnVO(PO4)2. It determines the form in which all the orbitals overlap in the layers
and thus the magnitude of the exchange constants. Therefore, it is not surprising that,
from a magnetic point of view, Pb2VO(PO4)2 and BaZnVO(PO4)2 look practically as the
same compound. If this is true, then the magnetic lattice should also correspond with
the solution a of the HTSE as it was found in Pb2VO(PO4)2. In order to confirm this
prediction we also measured the specific heat of BaZnVO(PO4)2 and analyzed the data
in the same way as Pb2VO(PO4)2.
6.5.3.2 Specific heat
We measured the specific heat of polycrystalline BaZnVO(PO4)2 following the same
procedure as for Pb2VO(PO4)2. We used the 1st annealed samples in the form of a sintered
pellet which was manually shaped in a small and flat slab. In figure 6.34 we plot the mea-
sured specific heat Cp(T) at zero field in the full range of temperature (0.36 K < T < 200 K).
In the lower inset we magnify the low temperature part where the magnetic specific heat
(CMagnp ) is dominant. In the upper inset we included a Cp/T
3 vs. 1/T5 plot in order to
estimate the order of magnitude of the magnetic contribution from its high temperature
asymptotic behaviour and for a first estimation of the phononic specific heat (mostly the
sign of the T5 term).
In order to estimate CPhonp (T) we fitted the high temperature part (down to TMin = 18 K)
with the Debye model (eq. 6.22) using the same number of Debye contributions as de-
fined for Pb2VO(PO4)2, with the difference that now θD1 is associated with Ba and θD2
with Zn. To this function we added an A/T 2 term in order to improve the determination
of the lower temperature part of the phononic specific heat by taking into account the
magnetic contribution as we did for Pb2VO(PO4)2. This model adjusted very well to the
data in the fitted region as can be seen in figure 6.34. The values of the Debye tempera-
tures obtained are: θD1 = 130 K, θD2 = 418 K, θD3 = 269 K, θD4 = 712 K, θD5 = 1434 K with
A= 291 JK/mol. As we see from these values, the θD associated to Ba and Zn now are
appreciably different, with θD2 (Zn) markedly larger than in the case of Pb2VO(PO4)2.
This results in a lower CPhonp (T) contribution at low temperatures allowing a better de-
termination of the magnetic specific heat CMagnp (T), specially of its peak position and
magnitude. We can see this in the lower inset of figure 6.34 and in the inset of figure 6.35,
where the difference at the maximum between the measured Cp and the estimated CMagnp
is smaller than in Pb2VO(PO4)2. The maximum in CMagnp occurs at T
Cp
Max ≃ 4.6 K with a
magnitude CMagnpMax ≃ 3.84 J/molK. These values are almost the same as in Pb2VO(PO4)2,
confirming that the magnetic interactions are quite similar between these compounds, as
it was previously deduced from the χ(T) measurements.
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Figure 6.34: Cp(T) of polycrystalline BaZnVO(PO4)2 at zero field. Upper inset:
Cp/T3 vs. 1/T5 plot. Lower inset: detail of the total Cp in the low temperature part.
6.5.3.3 Analysis of CPhonp (T)
We also checked the estimated phonon contribution by comparing two different kinds
of fit as we did it for Pb2VO(PO4)2. The fit of the estimated phonon contribution
at low temperatures (T < 17 K) with the approximation CPhonp (T)≃βT 3 + γT 5 lead to
1.28×10−3 J/molK4 and γ ≃ -4.6×10−7 J/molK6. The fit of the measured specific heat in
an intermediate range of temperature (15 K < T <32 K) with Cp(T) = β′T 3 + γ′T 5 + A/T 2
lead to β’ = 1.29×10−3 J/molK4, γ = -5.94×10−7 J/molK6 and A= 275 JK/mol (see inset
in fig. 6.34). Both approaches result in almost the same value for β, giving a very strong
confidence in the estimated phonon contribution. The β value of BaZnVO(PO4)2 is only
45% of that of Pb2VO(PO4)2, which can easily be accounted for by the differences in the
mass of Ba/Zn and Pb.
6.5.3.4 Analysis of CMagnp (T)
The magnetic phase transition at TN = 3.8 K is evidenced by an extremely weak
anomaly at this temperature (see inset in fig. 6.35). We think that this is not the
intrinsic magnitude of the peak at TN because a similar weak anomaly has been seen in
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Figure 6.35: Comparison of the experimental CMagnp (T) of BaZnVO(PO4)2 with that
calculated using the 9th order HTSE for the two solutions obtained from the χ(T)
measurements. Inset: Magnification around TN in order to show the minor effect of CPhonp on
the maximum of CMagnp .
the polycrystalline samples of Pb2VO(PO4)2 while single crystals showed a much sharper
and larger peak. For this reason we cannot deduce physical conclusions from the shape
of the anomaly at the phase transition until single crystal samples are available.
In order to discriminate between the two solutions obtained from the χ(T) analysis, we
compared the estimated experimental CMagnp (T) against the HTSE of Rosner et al.[249]
for the magnetic specific heat (eq. 6.16). In the HTSE we substituted J1 and J2 by the
values they take in solutions a and b. In figure 6.35 we show such comparison. We can see
that both solutions merge with the experimental results above 25 K, but solution a stays
very close to the experimental results down to ∼ 8 K, while solution b increases much
faster below 20 K, the difference being larger than 50% at 10 K. Thus this comparison
gives a very strong preference for solution a with a ferromagnetic J1 = -4.99 K and an
antiferromagnetic J2 = 9.26 K.
In order to check the validity of the previous comparison, we calculated the total
entropy of CMagnp , which allows to estimate its reliability. The entropy was calculated
integrating CMagnp /T in the measured range (0.36 < T < 200 K) leading to S ≃ 5.2 J/molK.
This value is close to that estimated for Pb2VO(PO4)2. The difference with the expected
value (Rln(2)) is about 10% implying a small underestimation of CMagnp , of the same order
as in Pb2VO(PO4)2. This deficiency in entropy is so small that it is practically impossible
to increase CMagnp up to solution b. In contrast, a slight increase of C
Magn
p shall enhance
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the agreement with solution a
These results, confirm that Pb2VO(PO4)2 and BaZnVO(PO4)2 are extremely close
to each other with respect to the magnetic properties. Thus, BaZnVO(PO4)2 represents
another example of a two-dimensional frustrated ferromagnetic square-lattice system. The
small differences in the exchange constant strengths between both compounds can easily
be accounted for by the small structural changes introduced with the substitution of the
Pb cations by Ba and Zn.
6.5.4 Physical properties of SrZnVO(PO4)2
In SrZnVO(PO4)2 the VOPO4 layers are more distorted than in the previous com-
pounds and therefore one expects some differences in the magnetic properties. We present
here the first physical characterization of this compound following the same procedure as
for Pb2VO(PO4)2 and BaZnVO(PO4)2. For this compound, only polycrystalline samples
have been synthesized with the consequence that our results have the same limitations as
in the case of BaZnVO(PO4)2.
6.5.4.1 Magnetic susceptibility
The measured χ(T) of SrZnVO(PO4)2 at 1000 G, 1 T and 5 T between 2 and 400 K
is shown in fig. 6.36. In the upper inset of this figure we show in more detail the
region around the maximum in χ and the behaviour below TN . In the lower inset, we
plot 1/χ(T) vs. T at 1000 G together with a Curie-Weiss fit. The general behaviour of
χ(T) is obviously similar to that in the previous compounds, the main differences being
the lower temperature at which the maximum in χ takes place (TχMax = 6.27 K) and the
larger magnitude of χ(T) at low temperatures in comparison with Pb2VO(PO4)2 and
BaZnVO(PO4)2. The transition temperature also decreases to TN = 2.7 K.
The good quality of the sample is evidenced by the absence of any trace of an impurity
tail at the lowest attainable temperature (typical of paramagnetic foreign phases) and the
absence of a step in χ(T) at about 340 K (which rules out the presence of VO2). This is
also supported by the very good reproducibility of χ(T ) between different samples.
In figure 6.37 we plot 1/χ(T) vs. T for the susceptibility at 1000 G at low temperatures,
and superposed the curves resulting from the fits with the different models (as we did
before). Above 40 K all the fits match remarkably well with the experimental data with
an error much smaller than the size of the dots used for representing the measured points.
For this reason, we decided to plot only the low temperature part in order to show better
the region where the approximations depart from the experimental data.
The χ(T) data was fitted very nicely with a Curie-Weiss model down to about 45 K
(see the lower inset in fig. 6.36), leading to: µeff = 1.73 µB, θW = -1.76 K and χConst = -
6×10−5 emu/mol. The value of µeff is exactly that expected for V4+, confirming the
purity of the sample. What was surprising is the extremely low value of θW compared
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Figure 6.36: χ(T) vs. T of SrZnVO(PO4)2 at 1000G, 1T and 5T. Upper inset: Magnification
around the maximum in χ(T). Lower inset: 1/χ(T) vs. T at 1000G, the line is the result of the
Curie-Weiss fit.
with the position and magnitude of the maximum in χ. This is stressed by the compar-
ison with the other similar compounds above presented. A low θW indicates either very
weak interactions which would be in contradiction with the pronounced maximum at a
comparatively larger temperature, or a higher degree of frustration. Remembering that
θW = J1 + J2, this low θW value suggest that J1 and J2 have a similar magnitude but a
different sign. In order to clarify this point it is necessary to analyze the data with the
more sophisticated models as was done for the previous compounds.
The next step consisted of fitting the data with the 2nd order approximation for the
J1 − J2 model (eq. 6.10). We adjusted the model to the data between 400 K and
TMin = 16 K obtaining an excellent fit within this range of temperatures and even below
TMin, roughly reproducing the maximum. The parameters obtained from this 2nd order
approximation are in good agreement with the CW ones being summarized in table 6.8
together with the higher order results5. As it was predicted by the CW fit, J1 and J2 have
a different sign and a magnitude closer to each other than in the previous compounds.
Following the same steps as before, we fit our SrZnVO(PO4)2 data with the higher
order approximations (the 4th and 9th order series), in the range between 400 and 16 K.
Figure 6.37 shows that the agreement between the models and the data is excellent. These
fits gave again two possible solutions whose values are shown in table 6.8. They presented
5The reader should remember that the distinction between two different solutions has no sense in the
case of the second order model because it gives only one solution with two indistinguishable exchange
constants.
114
6.5 Study of BaZnVO(PO4)2 and SrZnVO(PO4)2
Figure 6.37: 1/χ(T) vs. T of SrZnVO(PO4)2 at 1000G together with the series fits. For clarity,
only temperatures below 40K are shown (at higher temperatures the fits lye above the data
points).
Order
Solution a Solution b
µeff J1 J2 χConst µeff J1 J2 χConst
[µB] [K] [K] [emu/mol] [µB] [K] [K] [emu/mol]
2 1.73 (-6.45, 7.63) -6.1×10−5
4 1.72 -7.63 8.59 -5.8×10−5 1.73 6.26 -4.71 -5.9×10−5
9 1.72 -8.25 8.93 -5.8×10−5 1.73 6.68 -4.97 -6.6×10−5
Table 6.8: Results from the fits to the χ(T) of SrZnVO(PO4)2 with the 2nd, 4th and 9th order
models. In the case of the second order model we show the results in the columns for one of the
solutions, but it is clear that this model does not give two solutions as result and cannot
distinguish between J1 and J2.
minor differences between the 4th and 9th order models and almost coincide with the
previous estimations from the lower order approximations.
These solutions imply that in SrZnVO(PO4)2 J1 would be much closer in magnitude
to J2 than in Pb2VO(PO4)2 and BaZnVO(PO4)2. The frustration parameter for solu-
tion a would be α = J2/J1 = -1.07 (φ= 132.73◦)(using the ninth order results) or α = -0.74
(φ= -36.65◦) for solution b (but in this case the interactions are not frustrated). It im-
plies that SrZnVO(PO4)2 is the closest to the critical point φ= 153.435◦ among vana-
dium phosphates. For this reason, the frustration effects should be more pronounced in
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SrZnVO(PO4)2.
At this point we cannot say which of the solutions is the correct one for SrZnVO(PO4)2
because both fit χ(T) equally well. It is necessary, thus, to test this solutions with the
magnetic specific heat of SrZnVO(PO4)2 evaluating the 9th order HTSE in both solutions
and comparing such predictions with the data. In what follows we analyze the specific
heat of SrZnVO(PO4)2 in order to discriminate between these two solutions, as we did
with the previous compounds.
6.5.4.2 Specific heat results
The specific heat of SrZnVO(PO4)2 was measured on polycrystalline samples with the
same procedure as that for Pb2VO(PO4)2 and BaZnVO(PO4)2. In figure 6.38 we plot the
Cp(T) in zero applied magnetic field in the range 0.4 K < T < 200 K. In the upper inset
we included a plot of Cp/T3 vs. 1/T5 for a preliminary estimation of the magnetic and
phononic contributions. In the lower inset we magnified the region around the maximum
in the magnetic specific heat (CMagnp ) and the phase transition.
Figure 6.38: Cp(T) of polycrystalline SrZnVO(PO4)2 at zero field. Upper inset:
Cp/T3 vs. 1/T5 plot. Lower inset: detail of the total Cp in the low temperature part.
The specific heat of SrZnVO(PO4)2 shows a similar temperature dependence as in
Pb2VO(PO4)2 and BaZnVO(PO4)2. The contribution from the lattice (CPhonp ) was de-
termined as previously by fitting the high temperature part with a Debye function (eq.
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6.22) down to TMin = 18 K. In this case we also used five Debye contributions in order to
correctly reproduce the CPhonp (T). We associated θD1 with Sr
2+, θD2 with Zn2+, θD3 with
V4+ and the two inequivalent phosphorous, θD4 with five oxygen and θD5 with the re-
maining four oxygen ions. The T−2 high temperature behaviour of the magnetic part was
accounted for by an extra term A/T 2 with A being a variable to be adjusted. With this
model we obtained the best fit with the following values for the adjustable parameters:
θD1 = 153 K, θD2 = 417 K, θD3 = 296 K, θD4 = 707 K, θD5 = 1520 K and A= 247 JK/mol.
This CPhonp matches very well the experimental data with an error much smaller than
the size of the symbols we used for Cp in fig. 6.38. These θD values follow the trend we
found in Pb2VO(PO4)2 and BaZnVO(PO4)2. In SrZnVO(PO4)2, θD1 is larger due to the
lighter Sr2+ compared to Ba2+ and Pb2+, while θD2 took exactly the same value as in
BaZnVO(PO4)2 as we expected since it is associated with the same cation (Zn2+) which
also sits in a similar environment in both compounds. The main consequence of the big-
ger value of θD1 and θD2 is the smaller magnitude of CPhonp with respect to C
Magn
p which
allows a better determination of CMagnp above T
Cp
Max. As a consequence, T
Cp
Max and C
Magn
pMax
can be determined very precisely to 3.4 K and 3.35 J/molK respectively.
Once CPhonp was determined, we obtained C
Magn
p as Cp - C
Phon
p . In figure 6.39 we plot
Cp, CPhonp and C
Magn
p together with the 9
th order HTSE for the specific heat evaluated for
both solutions, a and b, obtained from the χ(T) fits. In the inset we enlarged the area
around the maximum and the phase transition.
The magnitude of the anomaly at TN = 2.7 K is very small and rounded as in BaZnVO(PO4)2
and the polycrystalline samples of Pb2VO(PO4)2. We think that this is a consequence of
the kind of sample used, expecting in a single crystal a much sharper and defined peak.
A comparison of the anomaly size between these three compounds would be very inter-
esting because one expect a decrease not only of TN , but also of the size of the anomaly
with increasing frustration, until the transition disappears near φ= 153.435◦ (α = -0.5). A
larger frustration induces stronger fluctuations which reduce the entropy connected with
the ordering.
In SrZnVO(PO4)2 the difference in the magnetic specific heat calculated with the
HTSE between solutions a and b is the most pronounced within all the compounds studied
in this chapter. This helps in distinguishing which of the solutions matches the measured
data better. The comparison between CMagnp and the 9
th order HTSE (6.39) shows that
both solutions follows the experimental data quite well down to 22 K. Solution a continues
to match with the experimental data down to 12 K, where the HTSE is no more reliable
since T is then larger than |J1| + |J2|. In contrast, solution b deviates from the measured
data quite significantly below 20 K. Thus, the analysis of CMagnp (T) again strongly favors
solution a.
The total entropy of the zero field CMagnp , calculated by integrating C
Magn
p /T in the
range 0.4 < T < 200 K, was S ≃ 5.42 J/molK. This value, only 6% lower than the expected
Rln(2) = 5.763 J/molK, indicates that our estimation of CMagnp is slightly underestimated.
The important difference in magnitude between the HTSE solutions, together with the
small change in entropy necessary to reach Rln(2) suggest that the correct CMagnp of
SrZnVO(PO4)2 will hardly approach solution b.
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Figure 6.39: Comparison of the CMagnp (T) of SrZnVO(PO4)2 with the 9th order HTSE
solutions obtained from the χ(T) measurements. Inset: Magnification around TN in order to
show the lower effect of CPhonp in the maximum of C
Magn
p .
In summary, our experimental results give strong evidence for a magnetic scenario
in which the ferromagnetic interaction J1 is frustrated by an antiferromagnetic NNN
interaction J2 of the same size. Thus, SrZnVO(PO4)2 is characterized by the smallest
|J2/J1| ratio (∼ 1) within the compounds studied in this work. These results show that
this family of compounds posses a high flexibility for tuning the magnetic intra-layer
interactions by means of chemical substitution of the cations in the inter-layer zone.
Therefore, other combinations of A2+ cations may be used in order to drift the frustration
parameter even further towards the critical region and, perhaps, even entering it. In that
case, such a material would be the first experimental realization of a system in the critical
regions of the magnetic phase diagram and, therefore, a crucial test for the theories and
models which actually suggest[1] the possibility of a disordered state around the phase
transition boundary at φ ≃ 153◦.
6.6 Physical properties of Li2VOSiO4and Li2VOGeO4
6.6.1 Previous works
As we already have mentioned in the introduction, these two compounds were recently
reported by Melzi et al.[247, 248] as the first examples of frustrated two-dimensional
Heisenberg antiferromagnetic systems. These authors, mainly focused their experimental
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work on Li2VOSiO4 leaving Li2VOGeO4 less explored. From the several physical proper-
ties they studied in polycrystalline samples and in a small Li2VOSiO4 single crystal, they
concluded the following:
• For Li2VOSiO4:
– There are two main magnetic interactions J1 (within NN) and J2 (NNN ex-
change).
– J1 forms a square lattice with an antiferromagnetic frustrating interaction J2
along its diagonal (J1 − J2 model).
– Combining χ(T) and Cp(T) measurements and using the predictions of Singh[300]
and Bacci[302] (see figure 6.8) for the position of the maximum in CMagnp , they
concluded that these interactions are of similar magnitude: J2/J1 = 1.1 ± 0.1
with J2 + J1 = 8.2± 1 K.
– The frustration was also inferred from the difference observed between TχMax = 5.3 K
and θW = 7.4 K (T
χ
Max/θW = 0.72 < 0.935 being the value for the non frustrated
2DHAF).
– From a Curie-Weiss fit to χ(T) data they obtained a very large χConst ≃
4 × 10−4 emu/mol. This strong background distorted appreciably the high
temperature part in a 1/χ(T) graph.
– At TN ≃ 2.8 K they observed a second order magnetic phase transition which
they suspected to be associated with a structural distortion.
– From 7Li and 29Si NMR measurements they gave strong evidence that the
order below TN is of the Collinear type with a critical wave vector Q= (π/a,
0). This kind of order is the expected for J2 > 0.5 J1.
– They also observed that the moments order in the ab plane at low fields im-
plying the existence of some magnetic anisotropy.
– From the thermal dependence of the 7Li NMR spectra below TN they infer
the critical exponent of the staggered magnetization as β ≤ 0.25. Which is too
small compared to the value of 0.65 expected for the two-dimensional square
lattice antiferromagnet without frustration.
– The sublattice magnetization is almost field independent for applied fields up
to 9 Tesla.
– The strength of the interaction perpendicular to the layers can be as large as
J⊥ ≃ 0.2 K. This was estimated from µSR measurements.
• For Li2VOGeO4:
– From polycrystalline χ(T) data they performed a first characterization of the
magnetic properties obtaining θW = 5.2 K, T
χ
Max = 3.5 K and χConst ≃ 4 ×
10−4 emu/mol.
– No phase transition down to 2 K was reported.
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– There were no measurements of other physical properties (like in Li2VOSiO4)
and, therefore, their study of this compound did not extend beyond a first
characterization.
– Based on the general behaviour of the magnetic properties (which were ex-
tremely similar to the Li2VOSiO4 ones) it was concluded that this compound
should be the second example of a frustrated two-dimensional Heisenberg an-
tiferromagnet.
After these two first (and detailed) experimental works, Rosner et al.[2, 249] con-
tributed to the investigation of these materials with two articles focused on ab initio LDA
calculations of the magnetic interactions and the calculation of the High Temperature
Series expansion (HTSE) for the uniform magnetic susceptibility (χ(T)) and the specific
heat of the frustrated J1 − J2 model up to order β9 (β = 1/kBT). In the first work, Ros-
ner et al.[2] estimated the exchange constants using local-density approximation (LDA)
calculations. For Li2VOSiO4 (Li2VOGeO4) they obtained: J1 = 0.75 K (1.7 K), J2 = 8.8 K
(8.1 K) and J⊥ = 0.25 K (0.19 K), being J⊥ the interaction perpendicular to the ab layers.
With these values the resulting frustration is J2/J1 ≃ 12 (5). These results clearly contra-
dicts those of Melzi et al. because the interaction along the diagonal of the square lattice
is now appreciably larger than that along the sides. It means that from a structural point
of view the exchange along the straight path parallel to the basal plane of the pyramids
on a given sublattice is stronger than the exchange between pyramids in different sublat-
tices. This result is important for our work because this behaviour agrees with the trend
observed in the phosphates we studied above.
In the second work, Rosner et al.[249] went deeper into their analysis calculating
the HTSE for the uniform susceptibility and specific heat of the square-lattice J1 − J2
Heisenberg model (eqs. 6.14 and 6.16). They combined this HTSE with a perturbative
mean-field theory (based on the uniform susceptibility of the unfrustrated 2D square-
lattice Heisenberg antiferromagnet) in order to estimate the χ(T) for a system with J1/J2
very small at all temperatures. This HTSE was fitted to the χ(T) and Cp(T) experimental
data of Melzi et al. in a restricted range of temperatures (T < 20 K) because they consider
that the behaviour of χ(T) was not Curie-Weiss like. We will later show that the problem
in the χ(T) data of Melzi et al. lies in an anomalous big background which distorts the
shape of the susceptibility in a 1/χ(T) graph so strongly that it noticeably deviates from
the expected straight Curie-Weiss one. The values for the exchange constants obtained
from this fit procedure[249] are the following. For Li2VOSiO4: J1 = 1.77 K, J2 = 5.9 K
(thus J2/J1 = 3.3) and for Li2VOGeO4: J1 = 1.95 K, J2 = 3.9 K (thus J2/J1 = 2). In a sec-
ond step they fixed the frustration to J2/J1 = 10 and adjusted g (the gyromagnetic factor)
and J2 by fitting χ(T ) obtaining J2 ≃ 6.1 K. They compared the experimental Cp(T) with
the HTSE approximation evaluated with these values of J2 and J1 and found an excellent
agreement. This situation, in which the data were reasonably well adjusted with different
values for the adjusted variables, led them to conclude that the thermodynamic properties
are not really sensitive to the degree of frustration on the system. We do not support
this opinion because the adjustments of the HTSE carried out with our experimental
data converged always to stable solutions which also agreed well with the lower order
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approximations, in particular with the θW obtained from the Curie-Weiss behaviour at
high temperatures.
In a recent work, Misguich et al.[313] presented an independent calculation of the
high-temperature series expansion for the χ(T) and Cp(T) of the J1 − J2 model which
they also applied to Li2VOSiO4, using the experimental data of Melzi et al.. Misguich
et al. calculated one order more than Rosner et al. and found that both series coincide
until the highest order calculated by Rosner. The main difference in the work of Misguich
et al. compared to Rosner is that they performed a pure HTSE fit extending the fitting
range up to 300 K (TMin was about 5.5 to 8 K) and that the specific heat was analyzed
in a more sophisticated way[313]. The actual values they obtained are: J1=1.25±0.5 K
and J2 = 5.95±0.2 K which imply that J2/J1 ≃ 5. Thus, Misguich et al. confirmed the
conclusion of Rosner et al. that J2 is by far the strongest interaction, and that J1 is rather
weak.
Since a large part of the remaining uncertainty on the exchange parameters for Li2VOSiO4
is connected with the deviation of the experimental χ(T) data from a Curie-Weiss law at
high temperatures, we decided to synthesize new samples of Li2VOSiO4 and Li2VOGeO4.
We were also interested in a comparison between the properties of our new systems
with those of these Li-containing compounds. The thermodynamic properties (χ(T) and
Cp(T)) were measured and analyzed in the same procedure as that for Pb2VO(PO4)2.
6.6.2 Synthesis of Li2VOSiO4
We synthesized our polycrystalline samples of Li2VOSiO4 following the general proce-
dure described in chapter 3. The reaction path used was the following:
Li2SiO3 + V O2
800 ◦CGGGGGGGGGGA
24 h
Li2V OSiO4 (6.24)
The result of this first synthesis step was not satisfactory because the sample was in-
homogeneous and there were clear signs of an incomplete reaction. Therefore we annealed
the sample again following exactly the same temperature program as that for the first
step. A good improvement in the quality was observed, but the sample was still not pure
enough. Therefore it was annealed again, but at 850 ◦C. After this second annealing step,
the reaction looked complete since no foreign phases were detected in the X-ray diffrac-
tion analysis. Later on, we performed a DTA analysis in order to determine the melting
point and the solidification behaviour. We found a rather high melting temperature of
about 1060 ◦C. No features were seen in the thermal behaviour below this temperature.
With such a high melting temperature a reasonable temperature for the synthesis lies
between 900 and 1000 ◦C. We did not explore this possibility because we already got good
samples with the method described above. In our measurements we used a sample that
was prepared exactly according to the above described procedure.
The color of the Li2VOSiO4 polycrystalline samples is light brown.
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6.6.3 Magnetic susceptibility of Li2VOSiO4
The magnetic susceptibility of Li2VOSiO4 was measured using a commercial SQUID
(MPMS) as described in chapter 4. We measured the χ(T) between 2 and 400 K at 100 G,
1000 G, 5000 G, 1 T and 5 T (as shown in figure 6.40).
Figure 6.40: Magnetic susceptibility of Li2VOSiO4 at 100G, 1000G, 5000G, 1T and 5T
between 2 and 400K. Upper inset: Detailed view around the maximum in χ(T). Lower inset:
1/χ(T) at 1000G with a CW fit. In this inset we added the data of Melzi et al. whose
behaviour suggest the presence of a large constant χ contribution.
The magnetic susceptibility of Li2VOSiO4 is characterized by a paramagnetic Curie-
Weiss behaviour at high temperatures which extends down to about 25 K (see the lower
inset in fig. 6.40 and fig. 6.41). At TχMax = 5.30 K the susceptibility describes a broad
maximum followed by a decrease in magnitude towards lower temperatures. At TN = 2.7 K
we observed a kink indicating the onset of a magnetic phase transition towards an ordered
state. The field dependence of χ(T) below TN is similar to that observed in Pb2VO(PO4)2
and related compounds.
A CW fit (eq. 6.7) was performed in the paramagnetic region leading to the following
results: µeff = 1.68 µB, θW = -7.4 K and χConst = 1.3×10−5 emu/mol (see fig. 6.41). This
indicates a rather low value for the magnetic moment per formula unit compared to
1.73 µB, the theoretical value. The low µeff in the measured samples of Li2VOSiO4
may be due to a still incomplete reaction which perhaps left some unreacted Li2SiO3.
However, the presence of a foreign phase was not confirmed by the X-ray diffraction
analysis of the measured samples. Magnetic impurities were also not detected because
the low temperature part of χ(T) did not show any impurity tail, and the typical step at
about 340 K proper of unreacted VO2 was also not seen in the measured data. It is to be
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noted that the value of µeff previously reported[248], 1.65 µB, is also lower than expected.
Another possibility to explain this lower µeff could be the presence of some fully oxidized
V5+ cations in the pyramids. This could be triggered by some deficiency in the Li content,
which can not be neglected because X-ray diffraction is very insensitive to the light Li.
Moreover, in this kind of layered structures, Li usually posses high mobility (compared to
other 1+ cations) which would facilitate its removal during high-temperature annealing
in high-vacuum. For example, this particularly high removal-insertion capability of Li
is being exploited in the modern Li-based rechargeable batteries based in reversible Li
intercalation-deintercalation processes in a host transition metal oxide[314].
The value of the Weiss temperature θW we obtained is extremely close to the last
one reported by Melzi et al.[248], θW = -8.2± 1 K. Moreover, in their first work, Melzi et
al.[247], gave a value of -7.4 K to θW .
The constant background we found is one order of magnitude smaller than that in the
experimental measurements of Melzi et al.[248], who obtained χConst ≃ 4×10−4 emu/mol.
This difference is clearly visible in the lower inset of fig. 6.40 because the large cur-
vature in the data of Melzi et al., at high temperatures, originates from this constant
contribution. This difference between our data and the previously reported one suggests
that the constant susceptibility found in the previous work is not of intrinsic origin. In
the theoretical works published after the work of Melzi, this large value was suggested
to be due to the Van-Vleck susceptibility of V4+. Instead, our data indicate that the
Van-Vleck contribution is much smaller and that the constant susceptibility is dominated
by the diamagnetic contribution. This is also supported by the results from the other
compounds.
In order to get more insight into the magnetic properties of Li2VOSiO4 from our exper-
imental data, we performed the same analysis as that for Pb2VO(PO4)2 by successively
fitting the data with the more accurate, higher order, power series. In figure 6.41 the
results of these fits are presented in a 1/χ vs. T plot whose temperature range was re-
stricted for sake of clarity. At higher temperatures, the models match the data with an
error much smaller than the accuracy of the experimental data. These series were fitted
in the range TMin = 15 K < T < 400 K but the agreement between theoretical models and
data is very good even for temperatures lower than TMin, the 2nd order model giving the
best approximation down to temperatures close to TN .
The results from the fit with the 2nd order model (eq. 6.10) are shown in table
6.9. The values of µeff and χConst agree very well with those from the CW fit, but
the magnitude of the exchange constants differs slightly. The exchange constants we
got are slightly different than those found in the literature, mainly because the weakest
interaction becomes negative in this fit. However, in such a case where one interaction
is much stronger than the other, χ(T) is mainly determined by the stronger interaction.
Therefore, the determination of the weaker interaction is quite unrealiable with this simple
model, and the error in our case, ∼ 1 K, being as large as the absolute value itself.
Obviously, a more accurate approach was necessary and we applied the next two
models, the 4th (eq. 6.12) and 9th order (eq. 6.14) series. In table 6.9 we show the values
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Figure 6.41: 1/χ(T) of Li2VOSiO4 at 1000G together with the results of the fits.
Order
Solution a Solution b
µeff J1 J2 χConst µeff J1 J2 χConst
[µB] [K] [K] [emu/mol] [µB] [K] [K] [emu/mol]
2 1.69 (-0.64, 7.3) 3.7×10−5
4 1.69 0.62 6.31 3.5×10−5 1.69 6.48 0.41 3.5×10−5
9 1.69 0.56 6.3 2.9×10−5 1.69 6.3 0.9 2.9×10−5
Table 6.9: Results from the fits to the χ(T) of Li2VOSiO4 with the 2nd, 4th and 9th order
models. In the case of the second order model we show the results in the columns for one of the
solutions, but it is clear that this model does not give two solutions as result and cannot
distinguish between J1 and J2.
obtained from these fits. As before, we obtained two solutions that fit equally well the
data down to TMin which were also called solutions a and b in keeping with the previous
notation. We observed that these solutions are actually much more symmetric in their
values as compared to those obtained for the phosphates, being both antiferromagnetic.
Also, the difference between the two series is much smaller than the estimated accuracy
of this method of about 1 K for the interaction energies.
These results are in good agreement with the values estimated by Rosner et al. and
Misguich et al, confirming that the frustration is rather weak in this compound.
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6.6.4 Specific heat of Li2VOSiO4
The specific heat of Li2VOSiO4 was measured only on polycrystalline samples (no
single crystals were available) using the same general procedure as that for the other com-
pounds. In figure 6.42 we plot the measured Cp(T) of Li2VOSiO4 (circles) at zero field
in the range 0.4 K < T < 200 K, together with the estimation of the phonons specific heat
CPhonp (line). In the upper-left corner we included an inset in which we show the behaviour
of Cp/T3 vs. 1/T5 at intermediate temperatures whereas in the lower-right corner we en-
larged the low temperature area in order to show the magnetic specific heat CMagnp . As
with the previous compounds, the specific heat is composed of two major contributions:
the lattice specific heat CPhonp (phonons), which clearly dominates from intermediate to
high temperatures, and the magnetic specific heat, very well defined at low temperatures
where it clearly dominates the vanishing CPhonp .
Figure 6.42: Cp(T) of polycrystalline Li2VOSiO4 at zero field. Upper inset: Cp/T3 vs. 1/T5
plot. Lower inset: detail of the total Cp in the low temperature part.
6.6.4.1 Determination of CPhonp :
The lattice specific heat was determined in a similar way as that for the previous
compounds. We fitted the full Debye model (eq. 6.22) to the high temperature part of
Cp(T) down to TMin = 13 K. A different number of Debye temperatures (θD), suitable for
Li2VOSiO4, have been used: θD1 for the two Li1+ cations, θD2 for vanadium, θD3 for either
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Si4+ or Ge4+ and θD4 for the five oxygen ions. An A/T 2 term was also included in order
to take into account the non-negligible magnetic contribution in the low temperatures
region of this fitting range.
After repeated attempts to fit the data with this set of θD we always encountered
some problems in the low temperature part of Cp(T), between about 20 and 50 K. It was
impossible to overcome this problem by changing the fitting range or the distribution of
Debye temperatures. We realized that something unusual occurs in these compounds (this
problem was also present in Li2VOGeO4). We suspected CPhonp to have some important
difference with respect to the phosphates we studied before. The origin of these difficulties
was found when we plot Cp/T3 vs. 1/T5 (upper inset of fig. 6.42). The curvature of the
specific heat at about 30 K is different than that observed in Pb2VO(PO4)2 because with
decreasing temperature it turns upwards before decreasing, in contrast to the behaviour
in the phosphates where it always presented a monotonous downward curvature. This
behaviour is connected with a positive sign in the second order term of the phononic
specific heat. We fitted the data in this plot with the same function as for the other
compounds (eq. 6.23) in the range 13.8 K < T < 28 K, obtaining: β = 9.65×10−5 J/molK4,
γ = 3.6×10−8 J/molK6 with A= 126 JK/mol. From these values it is clear that the magni-
tude of CPhonp is much smaller than in the phosphates which contains heavier cations (this
is also evident from a look at the lower inset in fig. 6.42). For this reason, the CMagnp of
Li2VOSiO4 is much better determined (up to almost 30 K) than in the other compounds.
In the previous materials, especially in Pb2VO(PO4)2, the influence of CPhonp is important
even at the temperature of the maximum in CMagnp . For Li2VOSiO4, at this maximum,
CPhonp is really negligible and the magnitude of C
Magn
p is not affected by the accuracy in
the determination of CPhonp .
This behaviour of CPhonp resulting in a positive γ originates in low lying optical branches
which are not accounted in the Debye model. One way to include such an effect is to add
one negative Debye contribution[315–317]. The Debye-temperature of this contribution
is related to the frequency of the low lying optical phonons. In order to keep the total
number of degrees of freedom, the number of positive Debye-temperatures has to be
increased accordingly.
We fitted Cp(T) with this new function, now composed of the previous set of Debye
temperatures plus the magnetic term and a new pair of Debye contributions, one negative
(θD5) and one positive (θD6). Using this model the data could be nicely adjusted with the
following parameters: A= 128.7 JK/mol, θD1 = 527.8 K, θD2 = 260 K, θD3 = 525 K, θD4 = 1125 K,
θD5 = 160 K and θD6 = 167.5 K. These results indicate that the correction introduced should
be small and restricted to low temperatures since the extra Debye temperatures are of
the order of 160 K with a small difference between them of only 7 K. The other Debye
temperatures practically coincided with those obtained without this correction. In com-
parison to the phosphates, we can see that the Debye temperature associated with the Li
ions are clearly larger than those associated with Pb, Ba, Sr and Zn as expected because
of the much lighter Li ion. Also, the θD associated with vanadium is very close to those
found in the phosphates and even to the Debye temperature reported by Melzi et al.[248]
(θD ≃ 280 K) from their fit with only one term. The constant for the magnetic part is in
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excellent agreement with that expected from the J1 and J2 values obtained from the fits
to the χ(T) data. In the next section we will discuss this magnetic part in detail.
We also analyzed the behaviour of CPhonp below TMin using C
Phon
p = βT
3 + γT5. We
fitted the data up to T≃ 28 K and found an excellent agreement with the result of the
fit at intermediate temperatures. The sign of γ was also positive indicating that this
behaviour extends down to low temperatures.
6.6.4.2 Analysis of CMagnp (T)
Figure 6.43: Comparison of the Li2VOSiO4 CMagnp (T) with the 9th order HTSE solutions
obtained from the χ(T) measurements on our samples and the same HTSE but evaluated in
the results of Melzi et al.[248]. Inset: Magnification around TN in order to show the weak
effect of CPhonp in the maximum of C
Magn
p .
Once CPhonp was determined, we subtracted it from the measured Cp(T) and identified
the remaining as CMagnp . In figure 6.43 we plotted the total specific heat, C
Phon
p and
CMagnp for T < 22.5 K (in order to show the intermediate temperature range). In this
graph we included the HTSE of Rosner evaluated for the two solutions which arise from
our analysis of χ(T). Also, we included an evaluation of the same HTSE with the values
of the exchange energies proposed by Melzi et al.[248]. These values were calculated from
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the values they gave in their article for J1 + J2 and J2/J1 leading to J1 = 3.9± 0.5 K and
J2 = 4.29± 0.6 K.
Figure 6.43 shows that the experimental CMagnp lies almost perfectly in between the
two models down to ∼ 7 K, where the HTSE starts to diverge, making it hard to determine
which of the theoretical models is closer to the experimental curve. One possible reason for
this coincidence is that in both solutions one of the exchange constants is much weaker
than the other one, which then completely dominates the behaviour of CMagnp (T) and
χ(T). Other reason may be that both cases: J1 finite, J2 = 0 and J1 = 0, J2 finite, lead
exactly to the same susceptibility and specific heat since they correspond to a single or
two decoupled simple square lattices, respectively.
Looking in detail at figure 6.43, it seems that solution a converge faster to the measured
CMagnp than solution b above 10 K. We check the magnetic entropy integrating C
Magn
p in
the full measured temperature range and found a value S = 5.43 J/molK which is only 6%
lower than the expected 5.763 J/molK. This small deficiency in entropy suggest that the
real CMagnp (T) is slightly larger and therefore approaches solution a even better. However,
because of the minor difference between both solutions, the analysis of our specific heat
data does not allow us to discriminate between them. On the other hand, the very
good agreement with the experimental data for both solutions confirms the exchange
constants predicted from the χ(T) fits. In contrast, the exchange values proposed in the
first experimental reports[247, 248], where a frustration of the order of 1 was predicted,
lead to a significant disagreement with our measurements. Figure 6.43 clearly shows that
the HTSE approximation evaluated with the exchange constants of Melzi et al. does not
approach the experimental CMagnp , being much lower than that for solutions a and b and
the data.
Considering that the LDA calculations predicted that the interaction between pyra-
mids in the same sublattice (NNN) is one order of magnitude larger than between sublat-
tices (NN) and that in Pb2VO(PO4)2, BaZnVO(PO4)2 and SrZnVO(PO4)2 J2 was indeed
found to be always larger than J1, we may conclude that this scenario is also valid for
Li2VOSiO4. In summary, the comparison with the other compounds suggest that solution
a, in which J1 = 0.56 K and J2 = 6.25 K is the correct one for Li2VOSiO4. The absolute
values obtained for these exchange constants agree very well with those of Rosner et al.
and Misguich et al.. Al three sets of exchange parameters are compared in table 6.10.
The slight differences are mainly due to the small influence of the weakest interaction on
the physical properties, thus it cannot be determined precisely. Any small change in J1
(which takes values close to zero) will induce important oscillations in the value of the
frustration. Therefore, small differences in the fitting procedure may generate such little
differences in J1 which yield different estimates for the frustration.
Thus, the results from our analysis confirm the conclusions of Rosner et al. and
Misguich et al. but disprove the conclusion of Melzi et al. about the magnitude of the
exchange constants in Li2VOSiO4. Melzi et al. based their claim mainly on a comparison
of the Cp value at the maximum in CMagnp (T) with the theoretical predictions of Singh et al.
and Bacci et al.. These authors found that this maximum shifts to lower temperatures and
decrease in magnitude when the frustration α goes from 0 (or ∞) to the critical value 0.5.
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Melzi
Rosner
Misguich This work
LDA HTSE (Solution a)
J1 [K] 3.9±0.5 0.75 0.6 1.25±0.5 0.56
J2 [K] 4.3±0.6 8.8 6.1 5.95±0.2 6.25
J1+J2 [K] 8.2±1 9.55 6.7 7.2 6.81
J2/J1 1.1±0.11 12 10 5 11
Table 6.10: Comparison between the values for the exchange constants of Li2VOSiO4 obtained
in our work and in the literature
However, we realized that there is a significant discrepancy in the position and magnitude
of this maximum between different theoretical calculation methods even for α = 0 (or
α =∞), corresponding to the two-dimensional Heisenberg square lattice antiferromagnet.
There is a clear consensus among the Quantum Monte Carlo calculations[236, 238–242]
for a value of about 0.45–0.47 R for the magnitude of the specific heat and a value of the
order of 0.6 T/kBJ2D for the temperature at which this maximum takes place.
Our HTSE results suggest that the shift predicted by Singh et al. and Bacci et al. are
qualitatively correct, since a corresponding decrease of CMagnp can be observed at higher
temperatures where the HTSE is applicable. But it seems that the values of Singh et al.
and Bacci et al. at the maximum are wrong by as much as 20%. Since this is approximately
the difference between the result for α = 0 (α =∞) and α = 1, this inaccuracy completely
accounts for the misinterpretation of Melzi et al. This point shall be discussed in more
detail in the overall discussion.
6.6.5 Synthesis of Li2VOGeO4
We synthesized polycrystalline Li2VOGeO4 samples following a similar procedure as
for Li2VOSiO4. The reaction path was also similar:
Li2GeO3 + V O2
800 ◦CGGGGGGGGGGA
24 h
Li2V OGeO4 (6.25)
From the beginning, the results of this synthesis were markedly better than those of
Li2VOSiO4. After the first reaction, the sample was optically homogeneous and prac-
tically pure according to powder X-ray phase analysis. As in the case of Li2VOSiO4,
we performed two further heat treatments (with the same parameters) which resulted
in a perfectly reacted sample within the detection limits of X-ray diffraction. Moreover,
the magnetic behaviour after these annealings was extremely stable and perfectly repro-
ducible, suggesting that we had already reached a well reacted and homogeneous sample
after the first synthesis. A stronger reactivity of Ge compounds compared to Si homo-
logues is common and can easily be accounted for by the lower melting point and the
weaker tendency to glass formation. Since we could not perform a DTA because of time
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shortage, we do not know the melting temperature but we expect it to be between 850
and 1000 ◦C.
The samples used for the physical measurements reported here, were subjected to
only one annealing step in high vacuum with the same program as the above described.
Nevertheless, in this case the choice of the sample was absolutely not critical because
the differences on the magnetic properties between samples with different number of heat
treatments were extremely minimal and did not imply any significant change on the
parameters obtained after the analysis of the data.
6.6.6 Magnetic susceptibility of Li2VOGeO4
The measurement of the magnetic susceptibility of Li2VOGeO4 was performed in the
same equipment (MPMS), using the same technique as for the former compounds.
Figure 6.44: Magnetic susceptibility of Li2VOGeO4 at 100G, 1000G, 5000G, 1T and 5T
between 2 and 400K. Upper inset: Ampliation around the maximum in χ(T). Lower inset:
1/χ(T) at 1000G with a CW fit. In this inset we added the data of Melzi et al. whose
behaviour suggest the presence of an important constant χ contribution.
Our results are plotted in figures 6.44 and 6.45. In the first one, we plotted χ(T),
measured in the temperature range of 2–400 K and for applied fields of 100 G, 1000 G, 1 T
and 5 T. In the lower inset, we plot 1/χ(T) at 1000 G together with a CW fit to the data.
In the upper inset we enlarged the region around the maximum in χ. In the second figure
we plot the same 1/χ(T) at 1000 G shown in the inset of fig. 6.44 but only in the range 2
to 25 K in order to show in more detail how the different models approximate to the data.
In this case, like in the previous compounds, the agreement between measurement and
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models above 25 K is so good that the deviations from the data are much smaller than
the experimental accuracy. For this reason, as in the previous compounds, we considered
that is not necessary to show the full temperature range.
In Li2VOGeO4 the χ(T) curve is characterized by a Curie-Weiss behaviour which,
compared to the previous compounds, extends down to a relatively low temperature of
about 20 K. Below this temperature, the susceptibility deviates from the CW behaviour
describing a broad and round maximum with TχMax = 3.47 K. The magnetic behaviour
measured on the Li2VOGeO4 samples has a dependence in temperature close to that
previously reported in the first work of Melzi et al.[247], but our absolute value of χ(T)
at low temperatures is significantly larger. Thus, while our TχMax coincides with that
of [247], χ(T) reaches a maximum value of 0.0337 emu/mol in our data in contrast to
0.026 emu/mol in Melzi et al. This difference is much larger than the experimental error,
suggesting that the origin is related to the sample quality. In our samples the magnitude
at the maximum varied only in a narrow band of about ± 0.0005 emu/mol whereas the
difference with the published data is 0.0077 emu/mol, more than one order of magnitude
larger. The very reasonable values found for the magnetic moment, background and θW
(as presented below) in our samples together with the lack of foreign phases detected
either by visual observation or by X-ray powder diffraction analysis led us to believe that
our samples are of good quality and that our results are close to the intrinsic behaviour
of Li2VOGeO4.
This characteristic TχMax temperature is the lowest among all compounds studied here
and implies that Li2VOGeO4 has weakest magnetic interactions. Accordingly, the mag-
nitude at the maximum in χ(T) is the largest because the divergent T−1 like behaviour
extends down to lower temperatures.
At TN = 2.1 K an almost imperceptible kink in χ(T) at low fields suggests the occur-
rence of a magnetic phase transition. This phase transition has not been detected by
Melzi et al.[247] who calculated the derivative of their χ(T) data but did not observe any
break in the slope. We also miss this anomaly in one of three investigated samples. We
suspect that TN , being only 0.1 K above the lowest limit of the measurement prevents a
reliable observation of this change in the slope, the observation range being just too small.
The effect of a magnetic field on χ(T) is similar to that in the other compounds
studied here. The transition becomes more evident at H = 1 T where the magnitude of
the susceptibility increases below TN .
The analysis of the data followed the same steps than previously. The results of
the fits to the data with the different models are shown in fig. 6.45. The CW fit,
performed between 100 and 400 K, leads to: µeff = 1.75 µB, θW = -5.05 K and χConst = -
2.6×10−5 emu/mol. In this case, the value of µeff is slightly larger than the expected
1.73 µB implying a very little excess of magnetic moment per mole. This difference with
respect to the expected value is so small that it can be considered to be well inside the
experimental error of this technique. If we compare with the work of Melzi et al.[247],
these authors report a µeff of only 1.55 µB, appreciable lower than 1.73 µB. Instead, the
value we obtained for θW is close to the reported by Melzi et al.[247]: θW ≃ -5.2 K. This
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Figure 6.45: 1/χ(T) of Li2VOGeO4 at 1000G together with the fits performed with the
different models. We enlarged the low temperature part in order to distinguish how the
different approximations departs from the data below TMin.
θW is 20% smaller than the found in Li2VOSiO4, supporting the idea of weaker magnetic
exchange in the Ge-based compound.
The constant contribution to the susceptibility is another quantity that shows a dif-
ference with respect to Li2VOSiO4 because, in this case, it is negative and of a similar
magnitude as those found in Pb2VO(PO4)2 and the other related phosphates. Melzi et
al.[247] found a positive and very large χConst, similar on magnitude to what they found in
Li2VOSiO4 (χConst ≃ 1×10−4 emu/mol), one order of magnitude larger than the measured
in our samples. We suspect that the measurements of Melzi et al. were strongly affected
by a non-intrinsic background and a lack of magnetic moment which later influenced the
determination of the magnetic interactions.
Now we will turn to the next models we used for getting an estimation of the magnetic
interactions in Li2VOGeO4. For these approximations we enlarged the range of tempera-
tures to be fitted, lowering TMin down to 10 K. This step is reasonable if we consider that
TχMax is only 3.5 K and the paramagnetic behaviour is perfectly obeyed down to about 20
K. With TMin = 15 K, we found that the model parameters were unstable because the de-
parture from the CW law, which fixes the difference between J1 and J2 (see, for instance,
eq. 6.8), was very weak. In table 6.11 we present the value of the fitting parameters of
the 2nd (eq. 6.9), 4th (eq. 6.12) and 9th (eq. 6.14) order approximations to χ(T). From
these results, it is clear that the magnetic interactions in Li2VOGeO4 are similar to those
in Li2VOSiO4. One interaction is much stronger than the other, the stronger exchange
constant being 30% weaker than in Li2VOSiO4. The reason for the weaker magnetic
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interactions lies in the larger size of the Ge4+ cation which increases all the distances
inside the GeO4 tetrahedra decreasing the overlap between the orbitals involved in the
superexchange (see Table 6.3). At the very end of this chapter, in section 6.7.5, we address
this point under a more general discussion which involves the five compounds studied in
this chapter. The weakening of the main magnetic interaction with the substitution of Si
for Ge partially agrees with the LDA calculations of Rosner et al.[2] which predicted a
slightly smaller decrease of the exchange constants than the observed in the experiment.
Order
Solution a Solution b
µeff J1 J2 χConst µeff J1 J2 χConst
[µB] [K] [K] [emu/mol] [µB] [K] [K] [emu/mol]
2 1.73 (0.1, 4.69) -2.6×10−5
4 1.76 1.01 3.92 -3.8×10−5 1.76 4.43 0.32 -4.1×10−5
9 1.76 0.82 4.1 -4.9×10−5 1.76 4.31 0.59 -4.9×10−5
Table 6.11: Results from the fits to the χ(T) of Li2VOGeO4 with the 2nd, 4th and 9th order
models. In the case of the second order model we show the results in the columns for one of the
solutions, but it is clear that this model does not give two solutions as result and cannot
distinguish between J1 and J2.
This results from χ(T) measurements are also supported by our specific heat measure-
ments which helped to determine which of the two possible solutions (a or b) is the more
likely to be correct. This will be shown and discussed in what follows.
6.6.7 Specific heat of Li2VOGeO4
The specific heat of Li2VOGeO4 has been measured on polycrystalline samples as
described for the former compounds. In figure 6.46 we show the total specific heat (Cp(T))
in the measured range of 0.4 < T < 200 K. In this plot we included the lattice contribution
to the specific heat (line) obtained with the Debye model as for the previous compounds.
In the upper inset we also included a Cp/T3 vs. 1/T5 plot, whereas in the lower inset we
enlarged the lower temperature region in order to show the area in which the magnetic
specific heat is important. In this inset we show the estimated magnetic and phononic
contributions: CPhonp and C
Magn
p .
6.6.7.1 Determination and analysis of CPhonp
The high temperature part of Cp(T) was adjusted with the Debye model plus a term
for the magnetic contribution. Because of the weaker magnetic interaction, the low tem-
perature limit used for this fit could be shifted to TMin = 8 K. Increasing this lower limit
leads to an unstable magnetic term and therefor also to an unstable phonon contribution.
The non-monotonous curvature in the Cp/T3 vs. 1/T5 plot indicates that the low tem-
perature part of CPhonp contains a positive T
5 term as in Li2VOSiO4. For this reason, we
133
6 Frustrated square lattices: Pb2VO(PO4)2 and related compounds
Figure 6.46: Cp(T) of polycrystalline Li2VOGeO4 at zero field. Upper inset: Cp/T3 vs. 1/T5
plot. Lower inset: detail of the total Cp in the low temperature part.
applied the phonon model implemented for Li2VOSiO4 and added two extra Debye terms,
one with a negative sign. In preliminary attempts to fit the Cp(T) of Li2VOGeO4 we also
tried with the standard model without these modifications but we stumbled with the same
difficulties encountered with Li2VOSiO4. Using the model with the extra terms we got
an excellent fit of the data with the following parameters: A= 62 JK/mol, θD1 = 418 K,
θD2 = 213 K, θD3 = 697 K, θD4 = 964 K, θD5 = 122 K and θD6 = 126 K. The A parameter is in
nice agreement with the value A= 54.5 and 59 JK/mol calculated for the 1/T2 term from
the HTSE for solutions a and b respectively, obtained from the fits of χ(T). The Debye
temperatures are in general slightly smaller than in Li2VOSiO4 which can be accounted
for by the replacement of Si by the heavier Ge.
We checked our estimated phonon contribution by fitting it in the low temperature
range (T < 20 K) with CPhonp = βT
3 + γT5 and by comparing this result with a fit of the
total measured specific heat with Cp(T) = βT3 + γT5 + A/T 2. We got for both fits the
same value for the parameters β (1.6×10−4 J/molK4) and γ (1.3×10−7 J/molK6) with
A= 62 JK/mol, which indicates the high reliability of our phonon estimation.
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6.6.7.2 Analysis of CMagnp
Once CPhonp was determined, it was subtracted from Cp(T) and the remaining part
was identified as the magnetic specific heat (CMagnp ) of Li2VOGeO4. In figure 6.47 we plot
Cp(T) together with CPhonp and C
Magn
p in the range 0 < T < 17.5 K. In this plot we also
included the HTSE of Rosner et al. evaluated for the two possible solutions arising from
the fit of χ(T). In general, CMagnp follows the behaviour expected for a low dimensional
system: with a rounded maximum at intermediate temperatures originated from the
short-range spin correlations followed by a long tail at high temperatures. We observed
that at TN ≃ 2.1 K a well defined and prominent anomaly occurs (also the temperature
at which the kink in χ(T) takes place) indicating that a magnetic phase transition sets
in. In the case of Li2VOGeO4 we do not observed a well defined maximum above TN as
in the previous compounds, especially in the phosphates.
The phase transition at 2.1 K orders the system in three-dimensions overcoming the
low-dimensional behaviour. This suggests that in this compound the magnetic exchange
J⊥ between the layers is enhanced compared to the intralayer exchange interactions J1
and J2. A stronger J⊥ stabilizes the ordered state and suppresses the low dimensional
fluctuations. As a result, TN is shifted to or above the maximum in CMagnp (T), just
as what we observed in Li2VOGeO4. This is supported by a much larger anomaly in
CMagnp (T) at TN , which indicates that a larger portion of the magnetic entropy is released
by the disappearance of the magnetic order, instead of being released by the disappear-
ance of the two dimensional correlations. We suspect that J⊥ is of similar magnitude as
in Li2VOSiO4, but the reduction of the intralayer interactions made it relatively more im-
portant and thus the system become less two-dimensional than Li2VOSiO4 (and specially
than the phosphates). This is the first time that the magnetic phase transition has been
clearly identified in Li2VOGeO4. Moreover, this experimental TN = 2.1 K is not far from
TN = 1.7 K, the value theoretically predicted by Rosner et al.[249].
Below TN , CMagnp decreased towards zero with a temperature dependence which could
not be fitted with an unique model over a large temperature range. At the lowest
temperatures range (T < 0.81 K) it converged to a T3 law plus a linear term as in the
previous compounds. In this region we obtained an excellent fit to the data with:
CMagnp (T) = 0.102 T J/molK
2 + 0.26 T3 J/molK4. As it was stated for the other com-
pounds, the origin of the linear term is not easy to explain in terms of standard concepts
for magnetic ordered systems and deserves further investigation.
Finally, we compare our estimated magnetic specific heat with the prediction of the
HTSE for the two solutions obtained from the fit of χ(T). As can be seen in fig. 6.47, the
result of such comparison is very similar to that in Li2VOSiO4. The difference between
both solutions is quite small down to T∼ 5 K where the HTSE starts to diverge. Both
solutions matches the experimental data above 10 K and still agree quite well down to
5 K. Below 10 K, solution a is closer to the experimental data. But the small difference
between the two solutions do not allow to select one of them. In contrast to what happens
in Li2VOSiO4, the calculated CMagnp is, for both solutions, smaller than the experimen-
tal value below 10 K suggesting that the strength of the strongest interaction has been
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Figure 6.47: Comparison of the CMagnp (T) of Li2VOGeO4 with the 9th order HTSE solutions
obtained from the χ(T) measurements. Inset: Magnification around TN . CPhonp is completely
negligible in this temperature region.
slightly overestimated. This becomes a bit more pronounced after a check of the entropy.
Integrating CMagnp /T in the whole measured range led to a total magnetic entropy of
S = 5.46 J/molK, 5% lower than the expected value Rln(2), which is the smallest devi-
ation among all investigated compounds. Increasing the estimated CMagnp would make
solution b less probable. But the strongest argument in favor of solution a is certainly the
comparison with Pb2VO(PO4)2 and the other phosphates.
Thus we can quite safely state that Li2VOGeO4 is another example of a frustrated
square lattice system with an antiferromagnetic diagonal exchange much stronger than
the antiferromagnetic exchange between nearest neighbors along the sides of the square.
Both exchanges are weaker than that in Li2VOSiO4 which can easily be explained by
the larger Ge4+ size in the GeO4 tetrahedra which mediates the exchange interactions.
In contrast, the interlayer exchange is stronger (compared to the intralayer interactions)
than in the other compounds, leading to a much larger peak in Cp at TN which now sits
on the maximum in CMagnp , partially masking it.
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6.7 General conclusions and discussion
6.7.1 Introductory comments
In this chapter we studied the magnetic properties of five low-dimensional vanadium
oxides. Two of them, Li2VOSiO4 and Li2VOGeO4 were already studied experimentally[247,
248] and theoretically[2, 249, 313] but these results were controversial. The other three
compounds are the vanadium phosphates Pb2VO(PO4)2, BaZnVO(PO4)2 and SrZnVO(PO4)2
whose magnetic properties were reported for the first time in this work. The latter two
were already known but only the basic structural characterization was available in the
literature[244, 245]. Instead, Pb2VO(PO4)2 is a completely new compound that was found
during the initial stages of this doctoral work when we searched for new low-dimensional
vanadates. This compound represented our entrance gate to the interesting subject of
the frustrated square lattice systems described by the J1 − J2 model. This model has
been extensively studied theoretically in the last years and is still now a matter of intense
theoretical research. In spite of this large theoretical effort the experimental realizations
have been scarce, being Li2VOSiO4 and Li2VOGeO4 the first true examples of a frus-
trated antiferromagnetic square lattice system. The most general J1 − J2 model allows
for a very rich variety of physical ground states when both interactions can be either
antiferromagnetic or ferromagnetic. This general model has been treated as a whole only
recently when Shannon et al.[1] presented their determination of the ground states and
finite temperature properties from finite-size cluster calculations. This predictions, as well
as the HTSE calculated by Rosner et al.[249] were crucial for our investigation. With the
HTSE we could precisely estimate J1 and J2 and, therefore, place these compounds in
the phase diagram. With the calculations of Shannon et al.[1] we confirmed the results
obtained from the HTSE, giving an independent support to them.
The most relevant result of this investigation is the discovery that, for solution a
(favored by our analysis), the structural modulation in the magnetic layers of the phos-
phates drifts the magnetic interaction J1, from an almost negligible antiferromagnetic
value (close to zero) in Li2VOSiO4 and Li2VOGeO4, towards ferromagnetic interactions
in Pb2VO(PO4)2, BaZnVO(PO4)2 and SrZnVO(PO4)2. This is the first time that materi-
als with a frustrated ferromagnetic square lattice are reported. We found that the other
possible solution b (with an antiferromagnetic square lattice plus a diagonal ferromagnetic
interaction) is not supported by our experimental results. It was also found, that J2 is
the dominant interaction in the system (except for SrZnVO(PO4)2 where J1 and J2 are of
comparable magnitude) since in solution a |J2| > |J1| for all these compounds. This solu-
tion also agrees very well with all the recent analysis of the Li2VOSiO4 and Li2VOGeO4
properties, i.e. the LDA calculations of Rosner et al.[2] for the exchange interactions and
the results of the application of the HTSE of Rosner et al.[2] and Misguich et al.[313]
to the experimental data of Melzi et al.[248] on Li2VOSiO4 and Li2VOGeO4. It means
that J2, the interactions along the straight path between pyramids at the same level and
corner-connected by a bridging tetrahedra, are antiferromagnetic and of larger magni-
tude than J1, the interaction running along the double path existing between pyramids
in different sublattices. This J1 is almost zero (but antiferromagnetic) when the lattice
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is extremely symmetric and undistorted, while it changes to ferromagnetic when the the
structural modulation is present. As we shall see later on, this result is also supported by
the comparison of our data with the most recent finite-size calculations presented in the
work of Shannon et al.[1].
LVSO LVGO PbVPO BZVPO SZVPO
TχMax[K] 5.30 3.47 8.92 8.61 6.27
TN [K] 2.7 2.1 3.53 3.8 2.7
TχMax/TN 1.893 1.7 2.62 2.2 2.36
θW [K] -7.4 -5.05 -4.46 -4.74 -1.76
TχMax/θW 0.716 0.716 1.95 1.764 3.566
θW /T
χ
Max 1.396 1.397 0.52 0.567 0.28
µeff [µB] 1.68 1.74 1.73 1.72 1.73
J1 [K] 0.56 0.82 -5.17 -4.99 -8.25
(J ′1 [K]) (6.3) (4.31) (8.1) (7.95) (6.68)
J2[K] 6.3 4.1 9.43 9.26 8.93
(J ′2 [K]) (0.9) (0.59) (-3.3) (-3.21) (-4.97)
J1 + J2[K] 6.9 4.9 4.26 4.27 0.7
(J ′1 + J
′
2 [K]) (7.2) (4.9) (4.8) (4.74) (1.71)
|J2/J1| 11 5 1.82 1.86 1.07
|J ′2/J ′1| (0.14) (0.14) (0.41) (0.4) (0.74)
Jc =
√
J21 + J
2
2 6.32 4.18 10.75 10.52 12.16
(J ′c =
√
J ′21 + J
′2
2 ) (6.36) (4.35) (8.75) (8.57) (8.33)
|Jc|/TN 2.26 1.99 3.05 2.77 4.57
(|J ′c|/TN ) (2.27) (2.07) (2.48) (2.26) (3.13)
TχMax/Jc 0.84 0.83 0.81 0.798 0.52
(TχMax/J
′
c) (0.83) (0.78) (1.0) (0.99) (0.75)
χMax.Jc [emuK/mol] 0.134 0.141 0.189 0.195 0.303
(χMax.J ′c [emuK/mol]) 0.135 0.146 0.154 0.159 0.207
Table 6.12: Summary of the values determined from the χ(T) data for the several compounds
studied in this chapter. Abbreviations: LVSO for Li2VOSiO4, LVGO for Li2VOGeO4, PbVPO
for Pb2VO(PO4)2, BZVPO for BaZnVO(PO4)2 and SZVPO for SrZnVO(PO4)2.
In the following we will summarize and discuss the results presented in this chapter,
comparing and correlating the magnetic properties of these five interesting examples of the
same magnetic system. We summarized the main parameters obtained from the analysis
of our physical measurements in two tables and in several plots in which the measured
thermodynamic properties of these materials are shown together. In table 6.12 the critical
parameters and the results obtained from the HTSE fits to the χ(T) measurements are
shown, while in table 6.13 the main results extracted from CMagnp (T) are presented. In
figure 6.48 the χ(T) (at 1000 G) of the five compounds are plot together while in figure 6.50
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the CMagnp (T) (at zero field) is presented. These are raw plots in which the experimental
results are plotted against the temperature without any normalization. In the next figures
we considered (as in [1]) that the magnetic energy scale in the J1−J2 model is given by the
parameter Jc =
√
J21 + J
2
2 , which treats both interactions on an equal level. Normally two
pair of values for J1 and J2 were found from the HTSE fits, therefore two Jc parameters,
one for each case, have been considered. For solution a (|J2| > |J1|) we called it simply
Jc while for solution b (|J2| < |J1|) it was called J ′c. This normalization by Jc has been
done in figures 6.49 (where we plot χMaxJc vs. T/Jc) and 6.51 (where CMagnp /R vs.T/Jc
plots are shown). In this manner, the comparison of the normalized data allows a better
identification of the effects of the magnetic lattice dimensionality and frustration present
in each compound. It allows also to compare our results with the last predictions for
the thermodynamic properties of the J1 − J2 model obtained by Shannon et al.[1]. More
precisely, we analyze the magnitude and the temperature of the maximum in χ(T) and
CMagnp (T) (normalized by Jc) comparing them with these predictions in function of the
frustration. In figure 6.52 the magnitude of the maximum are compared with the theory
whereas in figure 6.53 the temperature at which the maximum takes place is tested against
the theoretical predictions[1].
6.7.2 General remarks
The compounds studied in this chapter have in common the same basic arrangement
of magnetic V4+ moments which interact trough similar superexchange paths. For this
reason, these materials were successfully explained in terms of the same theoretic frame,
the J1 − J2 model. The differences found in the magnitude of the exchange constants
directly depend on the structural changes introduced by chemical substitution either in
the inter-layer zone or in the bridging tetrahedra in the magnetic layers.
With respect to the electronic properties, it was found that these materials are good
Mott-insulators because the unpaired dxy electron on the V4+ cation is strongly localized.
We did not perform direct transport measurements on these compounds but, for instance,
the insulating properties were evident since the polycrystalline samples have either brown
or greenish colour and the single crystals of Pb2VO(PO4)2 were transparent and emerald-
green colored. We have no evidences for any kind of doping related to a partial valence
change of vanadium (from 4+ to either 3+ or 5+) on these materials. The effective
magnetic moment always was found to be extremely close or exactly 1.73 µB, the expected
value for compounds containing one S = 1/2 V4+ cation per formula unit. The differences
observed in some of the samples were actually small and likely to be due to defects or small
amounts of impurities in the polycrystalline samples. The other ions in these materials
have stable valences and, if their content do not deviate from stoichiometry, are unable
to affect the conducting properties.
These compounds may be trivially divided into two subgroups in base of a structural
and chemical-composition criteria. In one subgroup we have Li2VOSiO4 and Li2VOGeO4
which are isostructural and differ only by the substitution of Si4+ by Ge4+ in the bridging
tetrahedra. The [VOSi(Ge)O4] magnetic layers are separated only by a thin, flat and
139
6 Frustrated square lattices: Pb2VO(PO4)2 and related compounds
monoatomic Li layer with a thickness of about 2 Å. These plain Li layers do not introduce
any distortion in the magnetic planes yielding a highly symmetric structure, reflected in
Z = 2 (number of formula units per unit cell). In the other subgroup we have the phos-
phates Pb2VO(PO4)2, BaZnVO(PO4)2 and SrZnVO(PO4)2 in which now P5+ substitutes
the Si4+ or Ge4+ cations in the bridging tetrahedra. The space between the [VOPO4]
layers is now composed of two inequivalent A2+ cations plus an extra PO4 group (per for-
mula unit) which appreciably enlarge the distance between magnetic layers up to about
9 Å. The distinctive characteristic of these phosphates is the commensurate modulation of
the [VOPO4] layers which is a consequence of the complicated structure of the [A2+2 PO4]
region. This modulation diminishes the overall symmetry of the lattice yielding Z = 8
in these materials. The magnitude of this modulation is determined by the actual com-
position of the inter-[VOPO4]-layer space. In the present case, the substitution of the
asymmetric Pb2+ cations for the spherical Ba, Sr and Zn ones (with different atomic ra-
dius) keeps the general layout of the structure unchanged but introduces distortions in
the whole lattice which affects the magnetic exchange constants. This connection has
a very exciting potential for tuning the magnetic exchange constants via new chemical
substitutions in these phosphates. We think that further experimental examples of still
unexplored regions of the J1 − J2 model might be found in this kind of compound.
6.7.3 Discussion of the physical results
6.7.3.1 Analysis of χ(T)
We would like to start the discussion of our physical results by analyzing the magnetic
susceptibility of these vanadates. Figure 6.48 shows χ(T) of these vanadates, measured
LVSO LVGO PbVPO BZVPO SZVPO
CpMaxMagn[J/molK] 3.54 3.71(?) 3.64 3.84 3.35
TCpMax[K] 3.55 2.4(?) 4.48 4.6 3.4
TCpMax/TN 1.27 1.14 1.28 1.21 1.28
SMagnTotal [J/molK] 5.43 5.46 5.223 5.18 5.42
(% of R ln(2)) 94.2 94.7 90.6 89.9 94.04
SMagnTN [J/molK] 1.56 1.94 0.795 0.918 0.87
(% of R ln(2)) (27) (33.7) (14) (16) (15)
CMagnpMax/R 0.435 0.455 0.447 0.469 0.411
TCpMax/Jc 0.562 0.585 0.41 0.442 0.276
(TCpMax/J
′
c) (0.538) (0.558) (0.505) (0.535) (0.403)
Table 6.13: Summary of some characteristic properties determined from the Cp(T)
measurements of the several compounds studied in this chapter. Abbreviations: LVSO for
Li2VOSiO4, LVGO for Li2VOGeO4, PbVPO for Pb2VO(PO4)2, BZVPO for BaZnVO(PO4)2
and SZVPO for SrZnVO(PO4)2.
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Figure 6.48: Comparison of χ(T) vs. T of Li2VOSiO4, Li2VOGeO4, SrZnVO(PO4)2,
BaZnVO(PO4)2 and Pb2VO(PO4)2 at 1000G. The arrows indicate the temperature of the
antiferromagnetic transition.
at 1000 G in polycrystalline samples. As a reference, the pure paramagnetic susceptibility
(θW = 0) for an S = 1/2 ion has also been included in this plot. It can be seen that these
materials follow the typical behaviour for low dimensional systems. At high temperatures
(compared to the exchange energies on these materials), all the susceptibilities follow
closely the Curie-Weiss law. At intermediate temperatures (of the order of the exchange
energies) they describe a round maximum before antiferromagnetic order appears at TN .
At high temperatures, all the curves converge to a common temperature dependence
as expected, since in all cases the magnetic cation is the same, V4+, and the magnetic
interactions are all of the same order and lower than 10 K (see table 6.12). The effect of the
interaction among the spins becomes relevant below 100 K where the different curves start
to depart from each other, following the slope determined by the individual θW . This θW
take negative values in all five compounds indicating that the dominant interaction in these
materials is antiferromagnetic. At lower temperatures (below 10 K) all the χ(T) describe
a round maximum due to the short-range antiferromagnetic spin correlations. Below this
maximum, the susceptibilities decrease down to TN , the temperature at which a magnetic
ordered state sets in. This phase transition manifests itself as a change of slope (a kink)
in χ(T)which was indicated with arrows in fig. 6.48. At this low field, the susceptibility
below TN is smaller (except in BaZnVO(PO4)2) than above TN indicating that some kind
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of magnetic anisotropy exists in the ordered state. This was verified for Pb2VO(PO4)2
with χ(T) measurements on a single crystal: a weak uniaxial anisotropy of the Ising type
was found and thoroughly characterized (see 6.4.1.3). The strange behaviour at TN found
in BaZnVO(PO4)2 can not be explained in the absence of measurements on single crystals.
Fig. 6.48 evidence a very strong similarity between Pb2VO(PO4)2 and BaZnVO(PO4)2,
the susceptibility being almost equal, the only significant difference being the mentioned
step at TN .
Coming back to figure 6.48, we observed that an important difference exist between the
Li containing compounds and the phosphates. The former have lower TχMax values than
the phosphates, indicating that the magnetic interactions in the Li compounds are corre-
spondingly weaker. But, at the same time, the more negative θW in the former (visible as
a smaller slope in the curves at intermediate temperatures) suggest a more important an-
tiferromagnetic interaction than in the phosphates. These observations are also evidenced
by the ratio TχMax/θW which took values about 0.72 in Li2VOSiO4 and Li2VOGeO4, about
2 in Pb2VO(PO4)2 and BaZnVO(PO4)2 and even around 3.6 in SrZnVO(PO4)2. This ap-
parent contradiction is solved considering that θW = J1 + J2 in this magnetic lattice.
Thus, θW can take small values (eventually zero) even with strong interactions if they have
different sign. This simple observation gives already a strong evidence for the presence
of ferromagnetic interactions in the phosphates. In comparison, the Li compounds would
have only antiferromagnetic interactions or interactions of very different magnitude with
the dominant antiferromagnetic. This is exactly what we found when fitting the data
with the HTSE of Rosner et al.[249]. Therefore, this simple analysis based on the general
behaviour of χ(T) and the results from the Curie-Weiss fits already point to our final
results for the values of the magnetic interactions in these compounds.
As we already stated, the core of our analysis consisted in fitting the χ(T) with the High
Temperature Series Expansions[249]. From this fit we obtained two possible solutions,
a and b, for the values of J1 and J2. The data were fitted equally well down to the
particular TMin (the lower limit of the fitting region) in all these compounds with both
sets of parameters. For this reason it is not possible to uniquely determine the values of
J1 and J2 only by fitting χ(T) data with the HTSE. We solve this problem by evaluating
the HTSE for the specific heat with the values of J1 and J2 obtained from the fit of χ(T)
and comparing the results for the two solutions with the measured data.
The lower temperature used in the fit of χ(T), TMin is an important issue because it
should be settled in base of the series convergence limit, otherwise it can affect the values
obtained from the fit. If the lower limit is too low then it falls beyond the validity range of
the series and the results are no longer correct. In the other case, when the temperature
is too high, the higher orders of the series (which discriminate between different J1, J2
parameters sets) become vanishingly small and the fitting procedure cannot give more
information than the Curie-Weiss law. Therefore, a compromise should be taken in order
to fix this limit. In our case, we analyzed (for each compound) the behaviour of the
HTSE in function of TMin. This lengthy procedure allowed us to safely define that a
reasonable value for TMin is the double of T
χ
Max. We decided not to include here the
detailed analysis we performed because it would take excessive space and would divert
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from the main results. In few words, the values of J1 and J2 obtained for both solutions
from the HTSE are quite stable, for TMin between slightly below twice the maximum and
extending up to more than five times TχMax. Above this temperature the results from the
series started to show some instabilities because the temperature was too high and, as we
stated above, the higher order terms are too small and the results are governed by the
lower order terms. In simple words, the details of the magnetic interactions starts to be
overcome by the thermal agitation at those high temperatures.
Figure 6.49: χ(T).Jc vs. T/Jc at 1000 G for all the compounds. Upper plot: normalization by
Jc (solution a). Lower plot: normalization by J′c (solution b).
For a deeper analysis, we normalized the χ(T) curves using the parameter Jc =
√
J21 + J
2
2 defined by Shannon et al.[1]. These normalized susceptibilities are shown
in fig. 6.49. In the upper plot we show the result of normalizing by Jc (sol. a) whereas in
the lower plot we normalized the data by J ′c (sol. b). As we show in table 6.12, Jc and J
′
c
are not equal, they differ appreciably in the case of the phosphates. For this reason after
normalization the data shows important differences between cases a and b.
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We observed that for solution a the curves groups very nicely together according to
their structural similarities. It is quite impressive how Li2VOSiO4 and Li2VOGeO4 now
shows practically the same behaviour, the curves match almost perfectly. Something
similar happens in the case of Pb2VO(PO4)2 and BaZnVO(PO4)2 reflecting the closeness
of the magnetic behaviour found in these two materials. The compound that showed a
more marked difference to the others is SrZnVO(PO4)2 whose χ(T) shows a much larger
magnitude with a maximum displaced towards lower temperatures with respect to the
other compounds. As we will see later, theoretical predictions indicate that this behaviour
is a consequence of the high frustration in this compound.
For solution b, the normalization with J ′c also groups these compounds in a similar,
but much less clearer, way than in the case of solution a. The magnitude of χMax.J ′c and
of the temperature of this maximum differs significantly within one class of materials. It
means that important differences might be expected between these two solutions, when
comparing with the theoretical predictions. This comparison will be another source of
evidence for selecting which solution best adjusts to our experimental data, as it will be
shown later in section 6.7.4. The values for χMax.Jc and the temperature at which this
maximum occurs (TχMax/Jc) can be found at the bottom of table 6.12. These will be
the values that, together with the equivalent parameters from the magnetic specific heat,
shall be compared with the theory at the end of this discussion.
6.7.3.2 Analysis of CMagnp
In order to complete our study of the magnetic properties of these vanadates we shall
now analyze the magnetic specific heat because it allowed us to select the correct J1 − J2
parameters set. In figure 6.50 we plot CMagnp (T) (at zero applied field) of these compounds
as a function of temperature. We present polycrystalline data for all the compounds except
for Pb2VO(PO4)2 for which the single crystal data are shown.
In all cases, the CMagnp (T) follows the general behaviour expected for quasi-two-
dimensional magnetic materials. At high temperatures (compared with the strength of the
magnetic interactions) it increases as A/T 2 whit decreasing temperature. At intermediate
temperatures, when the exchange energies starts to generate short-range spin correlations,
CMagnp (T) deviates downwards from this A/T
2 behaviour. When T is further decreased
down to temperatures of the order of the exchange interactions, CMagnp (T) shows a round
maximum. Below this maximum, CMagnp (T) decreases when the temperature is further
reduced. These materials develop a long range ordered state at a given temperature TN ,
below the maximum, at which a second order phase transition takes place (visible as a
peak-like anomaly). Below TN , the magnetic specific heat decreases strongly towards zero
for T = 0.
We found that all the compounds presents an extremely similar behaviour of the
specific heats below TN suggesting a similar ordered state in all of them. For all these
compounds we found that at very low temperatures, much lower than TN , the dependence
on temperature of CMagnp (T) is best fitted with a sum of a linear term plus a cubic one:
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CMagnp (T) = γMagnT + βMagnT
3. The cubic term has its origin in the three-dimensional
magnons in the long-range-ordered state while the linear term is not easy to account for
in an ordered magnetic lattice. Surprisingly, we found such a small linear term in all the
compounds pointing to either a systematic error in the specific heat measurement or to a
truly intrinsic behaviour whose origin we could not identify.
These strong similarities below TN suggest that the kind of ordered state might be
the same for all these materials. It was verified experimentally by Melzi et al., from NMR
measurements, that the ground state of Li2VOSiO4 is, indeed, the collinear one. This
supports the physical scenario in which |J2| > |J1| because our measurements do not allow
for a frustration value close to 1 in Li2VOSiO4 as it was reported by Melzi[247, 248]. In
our case there are only two possibilities, either |J2| > |J1| (as in solution a) or |J2| < |J1| (as
in solution b) and in both cases the values of these interactions are different by one order
of magnitude. If solution b would be the correct then the ground state for Li2VOSiO4
would be the normal Néel antiferromagnetic one, which was not observed. From these
considerations we conclude that in the case of the other four compounds studied the
experimental evidences suggest that the ground state might be also the Collinear one.
Figure 6.50: CMagnp (T) vs. T: Comparison between the five compounds studied in this
chapter. Inset: Magnification of the region around the specific heat maximum and TN .
Figure 6.50 evidence two major differences between the CMagnp (T) of the phosphates
and that of the Li containing compounds: the sharpness of the maximum above TN and
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the size of the anomaly at TN .
For the phosphates, the maximum in CMagnp is well defined while in Li2VOSiO4 it is
only weakly marked, and in Li2VOGeO4 there is only a bump with a monotonously in-
creasing curve. On the other hand, at TN the anomaly is very weak in these phosphates,
but quite large in Li2VOSiO4 and Li2VOGeO4. Even in the Pb2VO(PO4)2 single crystal
data, where the peak is better defined and sharper than in the polycrystalline samples
of BaZnVO(PO4)2 and SrZnVO(PO4)2, this peak is still clearly smaller than in the poly-
crystalline samples of the Li compounds. This indicates that these differences are really
intrinsic and not only an artifact of the sample quality (the measurement method was
exactly the same for all the compounds).
From basic thermodynamic principles it is clear that the entropy connected with the
transition is much larger in Li2VOSiO4 and (especially) in Li2VOGeO4 than in the phos-
phates. In table 6.13 we give our estimation of the magnetic entropy at TN for the five
compounds. It is notable that in Li2VOGeO4 and Li2VOSiO4 it already amounts to about
30% of R ln(2), while in the phosphates it reaches only about 15% of R ln(2), practically
the halve.
This fact is directly related with the visible differences found above the transition.
Since the total magnetic entropy should be R ln(2), the lack of magnetic entropy below
TN is recovered above the transition, mostly in the short-range spin correlations which
leads to the maximum in CMagnp (T).
The question here is whether these differences in the magnetic specific heat are due
to different spatial anisotropies or to different degrees of frustration. It is not easy to
answer this question because the effects of both are superimposed in the specific heat.
Nevertheless, a careful analysis may bring some light about this point as we will show in
the following discussion.
A weaker interlayer interaction will produce a more two dimensional magnetic lattice
which increases the strength of the spin fluctuations. With the lowering of the dimension-
ality of the lattice, TN will be shifted towards lower temperatures with a correspondingly
more extended region with short-range correlations above TN . Thus more magnetic en-
tropy will be recovered above TN while the transition anomaly will be weaker than in
more isotropic systems, closer to the three-dimensional limit.
However, a compound with a frustration close to the critical points of the J1 − J2
model, will suffer of stronger quantum fluctuations than a compound far from these critical
points. These fluctuations will compete against any ordered state, as an spatial anisotropy,
decreasing not only TN but also the temperature at which the maximum in CMagnp (and
χ(T)) is observed[1, 300, 302].
In our case, the extremely thin layer of Li cations in Li2VOSiO4 and Li2VOGeO4
does not effectively impede an important exchange interaction between the [VOSi(Ge)O4]
layers. In the work of Melzi et al.[248], J⊥ was estimated from NMR measurements,
to be around 0.2 K in Li2VOSiO4. These authors suggested that this value is probably
overestimated, but the LDA calculations of Rosner et al.[2, 249] curiously lead to almost
146
6.7 General conclusions and discussion
the same value, for both Li2VOSiO4 and Li2VOGeO4. This gives a ratio J⊥/Jc of the
order of 0.01. The dependence of TN on the ratio J⊥/J2D has been theoretically estimated
by several authors. In the most recent data of Siurakshina et al.[262], J⊥/J2D ∼ 0.01 give
TN/J2D = 0.4 which matches quite well with the value TN/Jc = 0.44 obtained from the
experimental data. This support a value of 0.2 K for J⊥. Comparing this with the very
large ratio J2/J1 of the order of 10, it suggest that the effect of the interlayer coupling in
suppressing two dimensional AF-fluctuations is stronger than the enhancement of these
fluctuations due to frustration.
Unfortunately, we have no precise estimations (either from theoretical calculations or
from experimental measurements) about the value of J⊥ in the phosphates. In compari-
son, the phosphates have a much larger distance between layers with only complicated ex-
change paths for J⊥ across the inter-layer zone. It is reasonable to expect then a significant
decrease of J⊥ compared with the Li compounds. At the same time the intra-layer interac-
tions are enhanced by the substitution of P5+ for Si(Ge)+4. It implies that J⊥/Jc should be
appreciably smaller and thus the spatial anisotropy larger in the phosphates as compared
to the silico-germanates. Therefore, as we stated above, a more pronounced short-range
correlations region should be present above TN in these phosphates with a larger separa-
tion between the temperature of the maximum in Cp(T) and the phase transition, whose
anomaly should be smaller than in the Li silico-germanates. This is exactly what we
observed in the measured magnetic specific heat on Pb2VO(PO4)2, BaZnVO(PO4)2 and
SrZnVO(PO4)2 confirming that these materials have a much better two-dimensional mag-
netic lattice than Li2VOSiO4 and Li2VOGeO4. At first glance, it seems that the decrease
in the ratio TN/Jc is not very large between the silico-germanates and the phosphates,
the largest being a factor of 2.2 between Li/Ge and SrZnVO(PO4)2. However, accord-
ing to the theoretical calculations, the ratio TN/Jc is decreasing only very weakly with
the ratio J⊥/J2D. A decrease by a factor of 2 in the former corresponds to a decrease
by one order of magnitude in the latter. This would lead to a ratio J⊥/J2D ∼ 10−3 in
SrZnVO(PO4)2. It is expected, thus, that the phosphates will approach better the ideal
case of truly decoupled magnetic layers than the Li silico-germanates.
On the other hand, in the phosphates the frustration values (in the case of solution
a) were found to be around -2 for Pb2VO(PO4)2 and BaZnVO(PO4)2 or about -1 for
SrZnVO(PO4)2 (table 6.12). These values imply that the frustration-related effects should
be more notorious in the phosphates than in the Li compounds influencing more strongly
the behaviour of CMagnp (T).
In summary, in the phosphates, the larger spatial anisotropy together with a stronger
frustration should cooperate in generating stronger spin fluctuations leading to a more ex-
tended short-range correlation region above TN in comparison with the silico-germanates,
as is indeed seen in the results of our measurements.
6.7.3.3 Normalization of CMagnp
For comparing our experimental CMagnp (T) with the theoretical predictions[1] it is
necessary to normalize the data by the energy scale Jc (as we did with χ(T)). For this
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Figure 6.51: CMagnp /Rvs.T/Jc for all the compounds. Upper plot: normalization by Jc
(solution a ). Lower plot: normalization by J′c (solution b)
purpose, the temperature has to be divided by Jc or J ′c, while the magnitude of the specific
heat has only to be divided by the gas constant R = 8.3145278 J/molK. Therefore, the
magnitude of the specific heat will not depend of the particular solution we are considering,
while the temperature scale does, as in the case of χ(T). Thus, the normalization by Jc
and J′c conducts to different values for T
Cp
Max, the temperature of the maximum above TN .
In fig. 6.51 we plot CMagnp (T) after normalization by Jc (upper plot) and J
′
c (lower plot).
In solution a, the magnetic specific heat of these compounds again group accord-
ing to their magneto-structural similarities whereas in the case of solution b all (except
SrZnVO(PO4)2) fell more o less together (notice that the scales are the same in both
plots). The magnitude of the specific heat at the maximum (CMagnpMax/R), as well as the
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temperature of this maximum (TCpMax/Jc) have been summarized in table 6.13. The nor-
malized CMagnp (T) of SrZnVO(PO4)2 separates appreciably from the others in a manner
that can not be accounted for by magnetic anisotropy arguments because it has, in prin-
ciple, a structural anisotropy close to the other two phosphates. At the same time, the
predicted dependence of TN on the ratio J⊥/J2D[262] is extremely flat for anisotropy ra-
tios smaller than 0.01 (see the logarithmic dependence of the x-axis on the plot 6.5). Thus
TN/Jc is rather insensitive to small changes of the anisotropy. Therefore, it is unlikely
that the large difference between SrZnVO(PO4)2 and the other phosphates is due to a
change of the J⊥/J2D ratio. Instead, this large difference is likely due to a much larger
degree of frustration. This is supported by a comparison with theoretical predictions for
frustrated lattices. Although precise values for CMagnp (T) are not available for T < J , the
existing theoretical results clearly show a strong shift of TCpMax/Jc to lower temperatures,
and a slight decrease of Cp at the maximum, when the frustration is tuned towards the
critical value.
Our discussion based on the comparison between our experimental results from the
magnetic susceptibility and specific heat measurements with the theoretical predictions
give strong evidence that the magnetic lattice in all compounds, among the two possible
solutions, is solution a. In this solution, the interaction in the diagonal of the square
lattice is larger (in magnitude) than the interaction along the sides. It corresponds to
either a weakly frustrated antiferromagnetic square lattice in Li2VOSiO4 and Li2VOGeO4,
or a more strongly frustrated ferromagnetic square lattice in the phosphate compounds.
In what follows we will give further evidence for these claims by comparing our data
with the results of a very recent theoretical prediction for the finite temperature properties
of the general J1 − J2 model performed by Shannon et al.[1].
6.7.4 Comparison with theoretic predictions for the magnetic
properties at finite temperatures
Among other quantities, Shannon et al.[1] calculated the dependence of the magnitude
and the temperature of the maximum in both CMagnp (T) and χ(T) as a function of J1 and
J2. In figures 6.52 and 6.53 we compare our experimental values (circles for solution a,
squares for solution b) with these theoretical predictions (continuous line) in function
of the frustration angle φ= tan−1(J2/J1). These experimental data corresponds to the
temperature and the magnitude of the maximum in the normalized χ(T) and CMagnp (T)
measurements shown in figures 6.49 and 6.51 (the exact values were included in tables
6.12 and 6.13). The conversion from frustration ratio J2/J1 to angle φ for our compounds
is given in table 6.14. In the case of χ(T) we preferred to keep the experimental units
emu.K/mol and therefore we multiplied the theoretical data by NAg2µ2B ≃ 1.50.
In these plots the critical points, when α = J2/J1 = 1/2 (transition Neél to collinear)
or −1/2 (transition collinear to ferromagnetic) are indicated by dotted lines whereas the
dashed line indicates α =∞ (J1 = 0).
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LVSO LVGO PbVPO BZVPO SZVPO
So
l.
a
J2/J1 11.25 5 -1.82 -1.86 -1.07
φ [Deg.] 84.9 78.7 118.7 118.3 132.7
So
l.
b
J2/J1 0.143 0.137 -0.407 -0.404 -0.744
φ [Deg.] 8.1 7.8 -22.2 -22.0 -36.7
Table 6.14: The frustration values of the two possible solutions (a and b) have been translated
into angular values in the reference system of the J1 − J2 model (φ = atan(J2/J1)).
Figure 6.52: Comparison of the experimental χMax and CMagnpMax (normalized by Jc and R
respectively) with the theoretical predictions of Shannon et al.[1] in function of the angle in the
J1 − J2 model.
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Figures 6.52 and 6.53 show very nicely where our compounds are located within the
general J1 −J2 phase diagram (fig. 6.7). All solutions a fall in the collinear region, the Li
containing compounds being very close to φ= 90◦ (J1 very small), while for the phosphates
φ> 90◦ (larger, ferromagnetic J2). Instead, all solutions b are in the Néel ordered region
since the Li-containing compounds are at small positive φ values (J2 antiferromagnetic)
while the phosphate are at negative φ values (J2 ferromagnetic).
Figure 6.53: Comparison of the experimental TχMax and T
Cp
Max (normalized by Jc) with the
theoretical predictions of Shannon et al.[1] in function of the angle in the J1 − J2 model.
In general we found a rather good agreement between our experimental data and the
theoretical predictions[1]. In the upper plot of fig. 6.52 we can see how well the predictions
for the magnitude of the maximum in the susceptibility adjust to our experimental values.
Unfortunately, the agreement is equally good for both solutions with the consequence that
this can not help us for identifying which solution (a or b) is the correct. The excellent
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agreement between theory and experiment determined points indicates, on one side, a
very good consistency between both type of calculations (HTSE and finite size cluster)
and, on the other side, the appropriateness of our analysis of the χ(T) data.
In the lower plot of this figure we show the comparison between our experimental
CMagnpMax and the theoretical predictions. The agreement here is not so good as for χMax.Jc
since for all compounds, both solutions lie below the results of the theoretical predictions
of Shannon et al.[1]. They scatter around the value CMagnpMax/R ≃ 0.445 that we suspect
to be the correct one for a simple antiferromagnetic square lattice, showing no systematic
dependence on the frustration angle φ in contrast to the theoretical predictions[1]. The
fact that the theoretical predictions are systematically higher than the experimental re-
sults give the clue to resolve this discrepancy. The accuracy of the experimental CMagnpMax
value is determined only by the accuracy of the measured specific heat since the magni-
tude of the phonon contribution is negligible at TCpMax for most of these materials with the
exception of Pb2VO(PO4)2, for which it is nevertheless much smaller than the magnetic
contribution. We consider that there was no experimental systematic error in the mea-
surement of the specific heat itself because our PPMS calorimeters are being used also for
a large number of measurements by different researchers and the systematic errors found
are far less than 5%. On the other hand, our estimations of the total magnetic entropy
(table 6.13) resulted in values slightly below the theoretical value Rln(2) (at the most of
10%) suggesting that our measurements indeed are not perfect. We identified two possible
sources for such deficiency, either some sample-related problem or an overestimation of
the phononic specific heat (or both). The former reason is based in the observation that a
polycrystalline Pb2VO(PO4)2 sample presented a slightly different specific heat after suc-
cessive heat treatments, all of them being also different from the specific heat measured in
the single crystal (fig. 6.23). The reasons for these small differences are not clear yet but
can be attributed to either not perfectly pure samples or to a deficient thermal contact
among grains in the synthered pellets of the polycrystalline samples. Nevertheless, the fact
that the specific heat measured in a single crystal also presented a deficiency in magnetic
specific heat magnitude comparable to that found in polycrystalline samples of the other
compounds, suggests that other reasons should be taken into account as an overestimated
phononic specific heat. It is possible that the extrapolation to lower temperatures of the
CPhonp (T), obtained from the fits at T > 12-15 K (depending on the compound) with the
Debye model (eq. 6.22), is systematically slightly overestimated. This possibility can not
be excluded since a minor excess in CPhonp (T) can lead to a deficiency in C
Magn
p (T) of the
order of the observed lack of magnetic entropy.
In any case, the differences between the theoretical predictions and our experimental
values for CMagnpMax/R are far too large for be accounted for by experimental inaccuracy. The
6–10% lack of magnetic entropy does not allows for rising the whole CMagnp (T) in an extent
enough such the magnitude at the maximum agrees with the theoretical predictions.
On the other hand, a comparison of the value predicted by different authors for CMagnpMax
of a simple square lattice antiferromagnet, reveals a significant discrepancy between dif-
ferent theoretical approaches. While Quantum-Monte Carlo calculations[236, 239–242],
using different approaches for low and high temperatures, as well as extrapolations of
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HTSE[237, 238, 318], lead to CMagnpMax/R∼= 0.45± 0.05, finite size calculations, as used by
Shannon et al.[1], result in a much higher value CMagnpMax/R≈ 0.53 (see e.g. Singh et al.[300]
and Bacciet al.[302]). Our comparison give a very strong support in favor of the value
CMagnpMax/R = 0.45, and strongly suggest that finite size calculations overestimate the value
of CMagnpMax/R. Since this overestimation is likely to depend on the frustration ratio, just
scaling down the theoretical curve for allowing a comparison with the experimental data
did not seem to be an appropriate method for us. We prefer to wait until more accurate
calculations are performed. Nevertheless, a more precise look at the experimental points
in the lower part of fig. 6.52 give a further hint in favor of solution a and against solution
b. The argument relies on the significant decrease of CMagnpMax/R between BaZnVO(PO4)2
or Pb2VO(PO4)2 and SrZnVO(PO4)2. While such a decrease could be accounted for in
the collinear region (solution a) because SrZnVO(PO4)2 is approaching the critical point
at φ= 153◦ (α = -0.5) where the transition into the ferromagnetic state occurs, it is dif-
ficult to conceive such a decrease to occur in the middle of the antiferromagnetic region
(solution b), far away from any critical point. Further on, in the region corresponding
to solution a the difference between the measured values and the predictions are smaller
than for solution b for all the compounds.
Now, we will turn to the next figure 6.53 where we compare the theoretical predictions[1]
with our experimental results for the temperature at which the maxima in χ(T) and
CMagnp (T) take place. In the upper plot we present the results concerning T
χ
Max/Jc whereas
in the lower plot we show the behaviour of TCpMax/Jc. In these plots the theoretic predic-
tions are shown as a continuous line while our experimental values are included as squares
or circles, following the convention of the previous figure.
We observed that the differences between the theory and the experimental values are
much larger than for the magnitude of CMagnpMax/R and χMax. This is surprising because
the determination of the experimental values of TχMax and T
Cp
Max are much more reliable
than the determination of CMagnpMax and χMax. The presence of foreign phases, impurities or
other typical errors in these measurements normally affects the magnitude of CMagnp (T)
or χ(T) but it is extremely difficult to influence the temperature at which the maximum
takes place. On the other hand, the theoretical predictions of Shannon et al.[1], for the
unfrustrated case (φ= 0) are for TχMax quite close to the (suspected more exact) results
of Monte Carlo calculations or other approaches, and for TCpMax, they even match exactly.
However, for the case φ= 90◦, where the results should be identical to φ= 0, the values of
Shannon et al. for both TχMax and T
Cp
Max are much higher. This gives strong evidence that
for large frustration angle φ, the method used by these authors significantly overestimates
TχMax and T
Cp
Max. For these reasons, we think that we can not perform a quantitative
comparison, for the moment, but a qualitative one analyzing the trends in the behaviours
as we did for CMagnpMax/R.
The predicted dependencies of TχMax and T
Cp
Max as a function of φ are very similar for
both quantities, with a pronounced maximum in the middle of the ordered region and
pronounced minima at the critical φ values. For solution a, as already stated above, the
experimental values are significantly lower than the theoretically predicted ones, which
are likely overestimated. However, the experimental values follow the trend predicted by
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the theory being the TχMax and T
Cp
Max of SrZnVO(PO4)2 much lower than those of the other
compounds, in accordance with its proximity to the critical angle φ= 153◦. For solution
b, the results for the Li-containing compounds matches almost exactly the theoretical
predictions. It is the only case where solution b give a better agreement than solution
a, but because of the uncertainty of the theoretical prediction for larger |φ|, we think
that this does not give a real support in favor of solution b against solution a. For the
phosphates, the discrepancy between theoretical predictions and solution b are huge, not
only in the absolute values, even the trend is different between theory and experiment.
Thus for these compounds even a qualitative comparison give a very strong preference for
solution a.
Therefore, also this comparison with the most recent theoretical predictions give a
strong support for solution a for the phosphate compounds, while it is not very sen-
sitive for the Li-containing compounds. However, for these compounds, solution a is
already established by other results. Therefore we conclude that our HTSE-fits correctly
identified all these systems to be frustrated spin lattices. The compounds Li2VOSiO4
and Li2VOGeO4 are frustrated antiferromagnetic square lattices whereas the phosphates
Pb2VO(PO4)2, BaZnVO(PO4)2 and SrZnVO(PO4)2 are the first experimental examples
of frustrated ferromagnetic square lattices.
We think that the analysis of CMagnp (T) and χ(T) we presented in this thesis are a
quite solid method for identifying the actual magnetic lattice in this kind of materials.
Nevertheless, the most definitive experimental technique in order to clearly settle the kind
of magnetic lattice are neutron-scattering experiments, both elastic and inelastic scatter-
ing ones. With the first, the actual arrangement of the magnetic moments in the ordered
state can be determined and, therefore, the kind of ground state can be identified. This
would show whether the systems order in the collinear state (solution a) or in the Néel
one (solution b). With inelastic neutron scattering the dispersion function of the magnons
can be directly measured allowing a direct determination of the different magnetic inter-
actions. Recently, Shannon et al.[1] have proposed that with diffuse neutron scattering it
is possible to measure the static spin structure factor which allows to determine the degree
of frustration and the ordering wave vector without ambiguity. This experimental tech-
nique needs only a large amount of polycrystalline sample which is not difficult to prepare
while the determination of the dispersion relation requires a big single crystal (larger than
1 gr. in weight). The first of the requirements can be performed without special problems
except for the scaling up of the whole synthesis procedure since we used to synthesize only
about one gram of sample during this work. In fact, we are now preparing the diffuse
scattering experiment in order to get a direct evidence of the kind of magnetic lattices in
these compounds. But, for the synthesis of a large single crystal of these low-dimensional
compounds, the technique needs to be improved implying a large amount of dedicated
work, basically a project by itself. We were able to grow single crystals of Pb2VO(PO4)2
large enough for physical measurements, it means about 30 mgr. as the largest size we ob-
tained. In order to synthesize a single crystal of about 1 gr. some important development
of the growth technique is necessary.
With these comments we finalize the discussion of our conclusions and, with this the
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present chapter. In the following we want to comment briefly some magneto-structural
correlations we identified by analyzing the effects of the chemical substitutions on the
magnetic properties of these compounds.
6.7.5 Appendix: some magneto-structural correlations
Now we will discuss briefly the origin of the difference in the magnitude of the ex-
change constants (independently of their sign) between the silico-germanates and the
phosphates. We found that the increase of J2 from Li2VOGeO4 to Li2VOSiO4 and to the
phosphates correlates with the interatomic distances inside the bridging tetrahedra in the
magnetic layer. A careful comparison of the cation-anion and anion-anion distances in
these polyhedra when substituting Si4+ for Ge4+ and for P5+ reveals that there is a direct
correlation between distances and magnitude of the interactions. In the phosphates, the
P–O distances have values between 1.52 and 1.59 Å (table 6.1) while the Si–O distance in
Li2VOSiO4 is 1.63 Å and the Ge–O distance in Li2VOGeO4 is 1.738 Å (table 6.3). At the
same time the distances O–O in the tetrahedra were found to be between 2.38 and 2.6 Å
in the phosphates, 2.63 and 2.685 Å in Li2VOSiO4 and 2.778 and 2.87 Å in Li2VOGeO4.
This expansion of the tetrahedra is due to the change of ionic radius in these elements
(the subscript indicates the coordination): P5+4 = 0.17 Å, Si
4+
4 = 0.26 Å and Ge
4+
4 = 0.39 Å.
The result of this expansion is a natural decrease of the orbital overlap between atoms
along the superexchange paths which, accordingly, weakens the strengths of the magnetic
interactions. This give a simple explanation why the phosphates have larger exchange
constants than the silicate, which has in turn stronger interactions than the germanate.
It is interesting to note that the distances inside the pyramids instead vary practically
in the opposite sense. We compared the distances between the central vanadium and
the oxygen atoms in the basis of the pyramid (which are involved in the superexchange),
and the distance between these oxygen atoms (which is the length of the side of the
pyramid base). In reality, it is difficult to perform a straight comparison between the
Li silico-germanates and the phosphates because the latter contain distorted polyhedra
and, therefore, several lengths for the same kind of distance. In order to overcome this
and give an estimation of the general behaviour these distances were averaged. In table
6.1 we called <V–Obase> and <O–O>Pyr. the average distance between vanadium and
the oxygen atoms in the base of the pyramids and the distance between these oxygen
atoms respectively. We observed that in Li2VOGeO4 the distances V–O2 and O2–O2 (on
the basal plane) are the shortest among these compounds followed by the correspond-
ing distances on Li2VOSiO4. The phosphates were found to have the larger distances
in the pyramids being very similar among them but, due to the larger modulation, in
SrZnVO(PO4)2 these lengths are larger than in the other two phosphates.
We concluded from this analysis that the magnitude of the interactions in the layers are
determined by the interatomic distances in the tetrahedra, while the interatomic distances
in the pyramids apparently have a minor role. In Li2VOGeO4, for instance, the expected
increase of the orbital overlap inside the pyramids should enhance the interactions between
the central vanadium and the oxygen atoms placed at the base of the pyramid but, at the
same time, the larger atomic radius of Ge enlarges the distances in the polyhedra with an
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opposite effect on the interactions. The superexchange interaction is similar to a chain
whose links are exchange interactions along the path. In a normal chain the strength of
the whole would be determined by the weaker link, the same happens in this lattice were
the bridging tetrahedra determines the strength of the superexchange.
The superexchange interactions are not only affected (or determined) by the inter-
atomic distances, also the angles sustained for the orbitals involved in the exchange path
are crucial. We found that the modifications in the lattice are extremely complicated
when comparing in detail these compounds, because every angle and distance is altered.
A deep study of the effects of such structural modifications need specialized theoretical
techniques and implies a large amount of work which fell well beyond the scope of the
present research. Nevertheless, we suspect that the general trends in the effects of the
modulation and intra-layer chemical substitution in these materials have been correctly
identified with this magneto-structural analysis.
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Sr2VO(PO4)2 and Ba2V3O9
These three compounds, Sr2V3O9, Ba2V3O9 and Sr2VO(PO4)2, share not only a similar
composition but also related magnetic properties. In these materials, the low-dimensional
arrangement of the magnetic cations, together with non-trivial possible superexchange
pathways, suggest that interesting low-dimensional magnetic phenomena can take place.
In these compounds, there is one V4+ (S = 1/2) magnetic cation and two non-magnetic
V5+ (or P5+) ions per formula unit. The substitution of Ba2+ for Sr2+ gave as result
two compounds with completely different structures but whose magnetic susceptibilities
look curiously similar. Instead, the substitution of P5+ for V5+ in Sr2V3O9, generating
the vanadyl-phosphate Sr2VO(PO4)2, did not change the structure but had a dramatic
influence on the magnetic properties.
Up to this work, little was known about the physical properties of these materials. The
studies reported in the literature mainly focused on structural aspects, presenting only
preliminary χ(T) and infrared measurements for Sr2V3O9[251, 319] and Ba2V3O9[320,
321]. Moreover, for Sr2VO(PO4)2 only a structural study was performed[250] and no
investigations of its physical properties have been reported so far.
The structural potential of these materials for interesting properties, together with the
lack of serious physical studies, attracted our attention and pushed us to investigate their
magnetic properties. In this chapter we shall present our investigation of the magnetic and
thermodynamic properties of these materials. These investigations were mostly carried
out on polycrystalline samples except in the case of Sr2V3O9 for which we were able to
grow single crystals large enough for physical measurements. Some of the main results
presented in this chapter have been already published in two articles[322, 323].
7.1 Sr2V3O9
7.1.1 Introduction
Sr2V3O9 was first synthesized by Bouloux et al.[324] who reported the unit cell di-
mensions and the space group of the structure. The exact atomic positions were not
known until Feldmann and Müller-Buschbaum[325] synthesized single crystals and solved
the structure of the material. Shortly after that work, E. J. Baran[319] performed the
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first characterization of the vibrational spectrum of Sr2V3O9 by means of Raman and
Infrared spectra measurements. Later on, O. Mentre et al.[251] confirmed the structure
reported by Feldmann and presented also the first (preliminary) magnetic measurements
on this material. From the maximum observed in χ(T) they concluded that antiferro-
magnetic ordering occurs at TN = 50 K in Sr2V3O9 and associated the low temperature
increase of χ(T) with the signature of paramagnetic impurities. However, our results shall
show that this maximum is not related to a broadened antiferromagnetic transition but
to the onset of AF-correlations in the one-dimensional spin-chains present in this mate-
rial. Our measurements show that the transition to an antiferromagnetic ordered state
actually takes place at TN = 5 K. We also found strong evidences for an intrinsic origin of
the low-temperature, paramagnetic like, upturn in χ(T), which origin is still a matter of
research. Mentre et al.[251] measured also the infrared spectra of Sr2V3O9 in an attempt
to microscopically analyze the structural changes in the system Sr2−xPbxVO(VO4)2 for
x = 0, 0.5, 1.5 and 2.
7.1.2 Structure and synthesis
7.1.2.1 Structure
The Sr2V3O9 structure (figures 7.1, 7.2 and 7.3) consists of infinite chains of V4+O6
octahedra (V3) running along the ĉ axis. These chains are joined by V5+O4 groups (V1)
forming layers in the (101) plane. A second type of V5+O4 group (V2) takes part in
the chains assembly since they sit alternately above and below the chains joining the
remaining two corners of a given octahedron with their neighboring octahedra along the
chain. In this way, all the corners of a V4+ octahedron are shared with other vanadium
groups. Two of the corners (O1) are shared with neighboring octahedra in the chains, two
with the V1 tetrahedra that join chains (through O3) and two with the in-chain bridging
V2 tetrahedra (through O5). These [V3O9]4− layers are stacked along the b̂ axis, being
separated by Sr2+ cations which occupy two inequivalent positions, Sr1 and Sr2. The
former, Sr1, sits in the inter-chain space, alternating with the V1 tetrahedra in a zig-zag
manner. In a similar way, Sr2 is placed intercalated with the V2 tetrahedra above and
below the V3 octahedra chains, sitting exactly above (or below) O1 (fig. 7.2) forming
channels along â (fig. 7.1.b).
The Sr2V3O9 structure is monoclinic, with space group I2/a (in the Feldmann choice
of axis) or C2/c (in the Mentre one)1. In both space groups, the b̂ axis are parallel
because it is a high symmetry axis (unique axis) whereas the â and ĉ axis are rotated in
the (010) plane, the monoclinic angles being slightly different. The relation between this
two choices for the axis in the (010) plane is that ĉ in I2/a is parallel to â + ĉ in C2/c.
In this work, we shall use the axis choice of Feldmann because it is more convenient
for our analysis since the ĉ axis runs parallel to the structural chains. In this unit cell the
1In the International Tables of Cristallography the C2/c group is labeled as N◦15.b1 (cell choice 1,
unique axis b) while the I2/a is N◦15.b3 (cell choice 3, unique axis b)
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Figure 7.1: Structure of Sr2V3O9 viewed along the ĉ and â axis. The dark-grey polyhedra are
the V3 octahedra while the V1 and V2 tetrahedra are shown in light-grey. The Sr ions are
shown as white spheres. The structural axis correspond to the Feldmann[325] choice of unit cell
(S.G. I2/a).
lattice parameters are: a= 6.929 Å, b= 16.246 Å, c= 7.260 Å and β = 115.82◦ with Z = 4
(Z being the number of formula units in a unit cell). With these parameters, the unit cell
volume is 735.7 Å3.
The above assignments of valence states to the different vanadium coordinations are
based on the known cristallochemical properties of vanadium oxides[161, 162] as was
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Figure 7.2: Structure of Sr2V3O9 viewed along the b̂ axis.
described in chapter 2. The tetrahedral coordination in sites V1 and V2 can only be
accounted for by a V5+ state, while the V3 (distorted) octahedron one is proper to a
V4+ valence state. Thus, in contrast to the situation e.g. in NaV2O5 (see ref. [19] and
references therein), there is a clear and complete V4+–V5+ charge ordering in Sr2V3O9.
In this compound, the VO6 octahedra are slightly distorted with the V4+-ion being
displaced by about 0.26 Å from the octahedron centre towards one of the O1-ions shared
with the other octahedra (see fig. 7.3), but it is not clear in which sense it is shifted. This
results in the formation of one short V3=O1 double bond (the so called vanadyl-bond)
with a V–O distance d ≈ 1.7 Å, one opposite long V–O bond having d ≈ 2.2 Å and four
equatorial bonds of similar, average length d ≈ 2 Å towards the O-atoms forming the basal
plane (O3 and O5). The refinement of the X-ray data[251, 325] lead to a splitting of the
V-site towards both directions, both positions being statistically occupied to 50% but with
only one vanadium ion per octahedra. From simple energy considerations, one expect a
long range ordering of the vanadyl bonds within one chain, all pointing in the same sense,
in order to avoid one connecting O1-ion being involved into two vanadyl bonds[251], as
it is plotted in the upper part of fig.7.3. In the unlikely V3=O1=V3 case, the oxidation
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state of the O1 anion would be even more negative than -2.
In contrast to this expected cooperative shift of the V4+ in a given octahedra chain,
correlation in the direction of the vanadyl bonds between different chains might be absent
since the difference in total-energy between parallel and antiparallel arrangements should
be extremely weak. In the lower part of figure 7.3 we plot three octahedra chains and the
inter-chain bridging tetrahedra showing the V–O bonds. We represented the uncertainty
in the relative ordering of the vanadyl bonds from chain to chain by drawing one possible
orientation in the central chain and the two possibilities in the side-chains. In the central
and the left chains we plotted the V3 displaced upwards while in the right one the V3
ions are displaced downwards. We call these two possible situations as F (ferro-like)
when the V3 are displaced towards the same direction in two neighboring chains or AF
(antiferro-like) to the opposite case.
Unfortunately, from the up-to-date investigations about the Sr2V3O9 structure, it is
not possible to determine the actual intra-chain ordering of the vanadyl bonds since both
positions are equivalent with 50% occupancy. Therefore, it is not clear whether the
vanadyl bonds are ordered F or AF in a given layer but disordered from layer to layer or
the disorder exists even in the V–O layers itself.
Figure 7.3: Detailed view of the VO6 chains in Sr2V3O9. Upper part: Segment of octahedra
chain showing the cooperative displacement of the V3 cations out from the octahedra center.
Lower part: Detail of the octahedra chains linkage through V(2)O4 tetrahedra forming layers.
The uncertainty on the interchain ordering of the vanadyl bonds is shown by drawing the
central and left chains F ordered and, at the same time, the central and the right one AF
ordered.
The presence of the vanadyl double bond determines the local axis in each VO6 octa-
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hedron. Normally the ẑ is taken parallel to this short bond. In Sr2V3O9, the local axis
of the octahedra are tilted from the direction of the chains by an angle of ∼ 20◦ in the
[011] plane, alternating along the chain. In this way, the angle between two neighboring
octahedra is about 40◦, being O1 the vertex. At the same time, the octahedra local axes
are also tilted out from the b̂ axis direction alternatingly along the chain (this is clearly
visible in fig. 7.1.a), the angle sustained by two adjacent octahedra being of about 25◦.
These tilts would lead to a staggered component of an anisotropic g-factor.
The direction of the vanadyl-bond is very important for the magnetic properties, since
it determines which d orbital is occupied and therefore also determines the strength
of the magnetic exchange along different directions. According to simple crystal field
considerations[326], the off center displacement of the V-ion splits the t2g triplet into
a low lying dxy-orbital singlet which is perpendicular to the vanadyl-bond (and thus
to the octahedra chain) and an high lying orbital doublet (dxz and dyz). From this,
one expects a very weak magnetic exchange along the structural chain, because there is
no sizeable overlap between the occupied d-orbital and the p-orbitals of the connecting
O1-atoms[98, 185, 186, 327]. On the contrary, one may expect a much stronger mag-
netic superexchange via the VO4-tetrahedron connecting two VO6 octahedra in adjacent
chains[185]. This would result in magnetic spin-chains perpendicular to the structural
octahedra-chains.
Since the symmetry of the magnetic lattice is different in the F or AF states, the
ordering of the vanadyl bonds would be relevant not only for the magnitude of the in-
trachain isotropic exchange constant but also for symmetry-dependent interactions like
the antisymmetric Dzyaloshinskii-Moriya[138, 328] (DM) one. The existence of DM in-
teractions are allowed by the low symmetry of the Sr2V3O9 structure according to the
Moriya[138] rules. We shall discuss this point in more detail later in section 7.1.8.
7.1.2.2 Synthesis of polycrystalline samples
Single phase polycrystalline samples of Sr2V3O9 were obtained by the solid state reac-
tion method in dynamical high vacuum as described in chapter 3. Sr2V3O9 was synthesized
from a stoichiometric mixture of Sr2V2O7 and VO2 at 900 oC for 24h. Preliminary sam-
ples were synthesized in powder form using Al2O3 crucibles, without pressing the reagents
mixture into pellets. We observed that pressing the mixture into pellets and the use of
platinum crucibles slightly improved the quality of the samples, which then possessed
a more reproducible magnetic behaviour than those synthesized with the early method.
For this reason, the samples used for the final physical measurements presented here were
synthesized in pellet form. The Sr2V3O9 samples were usually annealed several times
by repeating the above described thermal treatment with a thorough intermediate grind-
ing. These heat treatments had an important influence on the physical properties of the
samples as will be discussed along the presentation of the Sr2V3O9 magnetic properties.
The purity of the samples was characterized by the powder X-ray diffraction technique.
We could fit very well the X-ray diffraction patterns using the structure proposed by
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Feldmann[325], observing no extra peaks corresponding to foreign phases for the samples
used in the physical measurements. The polycrystalline Sr2V3O9 samples were found to
be of a dark-red brown color.
The precursor Sr2V2O7 was obtained heating a stoichiometric mixture of SrCO3 and
V2O5 in air in two steps of 24h, at 850 and 900 oC respectively (with an intermediate
grinding process). The purity of the product was also checked by means of powder X-ray
diffraction which did not show any extra phases.
7.1.2.3 Growth of large Sr2V3O9 single crystals
The synthesis of large Sr2V3O9 single crystals was described in chapter 3, being not at
all a straightforward procedure. The single crystals were obtained by a Traveling Solidi-
fication Zone method in which the melt (in a stationary vertical crucible) was subjected
to a strong vertical gradient of temperature. The starting composition of the melt was
not stoichiometric. It was composed by a mixture of pure Sr2V3O9, VO2 and V2O5. This
was necessary because our Differential Thermal Analysis (DTA) measurements showed
that pure Sr2V3O9 does not melt congruently but decomposes peritectically into Sr2V2O7
plus liquid. Thus, the first compound to solidify is Sr2V2O7. Adding a mixture of VO2
and V2O5 inhibits the formation of Sr2V2O7 and reduces the liquidus temperature. The
Sr2V3O9 crystals (with typical sizes of about 5×4×2 mm3) were easily cut from the batch.
From the last growth we could isolate two crystals of about 30 and 15 mg. The former was
the result of cutting an even larger crystal in a slab shape with the b̂ axis perpendicular
to the largest surface. The latter, instead, was cut in such a way that the direction [101]
was perpendicular to the largest surface of the crystal. The orientation of the crystals
was determined using back-reflection X-ray Laue pictures. The monocrystallinity of the
samples was tested by taking Laue pictures at several points in the surface of the crystals
and in the lateral surfaces also (where it was possible).
7.1.3 Magnetic susceptibility results on Sr2V3O9 polycrystals
The magnetic susceptibility χ(T) of polycrystalline and single crystal Sr2V3O9 samples
was measured in a commercial (Quantum Design) Squid magnetometer between 2 and
400 K in fields up to 5 T. Polycrystalline samples where measured following the method
described in chapter 4, using low-background gelatine capsules which were filled with
either powder or fragments of pellets. The small diamagnetic background of these capsules
was independently measured and subtracted from the experimental data. The Sr2V3O9
single crystals were glued (with a small drop of Oxford varnish) to a flattened quartz
bar as described in chapter 4. In this way, the magnetization of the single crystals along
different crystallographic directions could be measured without a sizeable background.
Fig. 7.4 shows the χ(T) of a polycrystalline Sr2V3O9 sample measured at 1000 G. In
this figure we also plotted a fit to the data with the model described below (eq. 7.1)
together with the two components of the fitting function. The χ(T) of Sr2V3O9 follows
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a Curie-Weiss law at high temperatures, pass through a shoulder at TχMax ≃ 50 K, and
increases again significantly below 30 K. At TN = 5.3 K a well defined anomaly is seen in
the form of a clear kink in χ(T). The pronounced decrease of χ(T) below TN points to a
transition into an antiferromagnetic state. Since χ(T) has still a rather large value below
TN , a Spin-Peierls transition is unlikely.
Figure 7.4: χ(T) of a polycrystalline Sr2V3O9 sample with maximum TN . The continuous line
is a fit with the model of eq. 7.1, the dashed line is the component due to the 1D chain
susceptibility and the dash-dotted line is the Curie-Weiss contribution. Inset: Detail at the
magnetic phase transition.
The broad maximum in χ(T) is a hallmark for low dimensional spin systems[310],
whereas the increase at low temperatures is rather unusual. We shall first focus on the low-
dimensional behaviour and discuss the low-temperature increase latter on. Considering
the one-dimensional arrangement of the VO6 octahedra we tentatively fit our Sr2V3O9
susceptibility measurements with an expression of the form:
χ(T ) = χ1D(T ) + χLT (T ) + χvv (7.1)
In this model, χ1D(T) is the contribution from the suspected S = 1/2 Heisenberg an-
tiferromagnetic chains, which is known with a high precision over the whole measured
temperature range[234, 235]. We took the polynomial approximation of Feyerherm[329]
which is valid for T > 0.05 J1/kB (J1 is the nearest-neighbor intra-chain interaction):
χ1D(T ) =
NAµ
2
eff
3kBT
1 + 0.08516x + 0.23351x2
1 + 0.73382x + 0.13696x2 + 0.53568x3
(7.2)
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with x =
|J1|
kBT
.
The increase at low temperatures was accounted for by a Curie-Weiss term,
χLT (T ) =
C
T + θW
(7.3)
and we included a temperature-independent Van-Vleck contribution χvv.
With this approach, the experimental data could be fitted very nicely in the range
7 K < T < 400 K supporting the preliminary picture of an antiferromagnetic chain as the
main magnetic lattice for Sr2V3O9, but confirming the presence of an extra Curie-Weiss
like contribution in the whole temperature range. This fitting procedure allowed us to
determine the magnitude of the main parameters for both components. From the model
for the one dimensional chain one can obtain the strength of the exchange constant in the
1D chain J1 as well as the effective magnetic moment µeff that take part in these chains.
The magnitude of the Weiss contribution was quantified by means of its effective magnetic
moment µ′eff (C = NAµ
′2
eff/3kB). The Curie-Weiss temperature of this contribution
was also adjusted in order to determine whether there is some interaction between the
moments that give rise to this behaviour or not. In this way, we adjusted five parameters
when fitting the data: µeff and J1 for the 1D chain, µ′eff and θW for the paramagnetic
contribution and a possible constant susceptibility χvv term.
The values obtained for the adjusted parameters in the fit shown in fig. 7.4 are the
following: χvv = 2×10−5 emu/mol, J1 = 82 K, µeff = 1.79 µB, µ′eff = 0.47 µB and θW = -
4.3 K. These values indicate that there is an excess of effective magnetic moment in the
sample since the expected value of 1.73 µB (one V4+ per formula unit) is smaller than
the overall moment of the sample µalleff =
√
µ2eff + µ
′2
eff = 1.85 µB. The small θW value of
the Curie-Weiss contribution indicates that these moments behave as being practically
isolated showing a paramagnetic Curie-like χ(T) proportional to T−1. The small value of
χvv is typical for V4+ containing compounds. Finally, the value J1 = 82 K indicates that
there is an important interaction among magnetic V4+ centers which behave as predicted
for one dimensional chains. Nevertheless, the existence of a magnetic phase transition
towards a magnetically long-range ordered state at TN indicates that these chains are
not isolated and sizeable interactions J⊥ < J1 are present making of Sr2V3O9 a quasi-one-
dimensional magnetic compound.
7.1.3.1 Estimation of J⊥
In the case of a quasi-one-dimensional system, the inter-chain coupling J⊥ can be
estimated from the ordering temperature, since in weakly coupled Heisenberg antiferro-
magnetic chains, TN is mostly determined by J⊥. The exact relation is not known, but
there exist a few theoretical predictions. A relation which has been frequently used and
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found to be quite reliable is that proposed by Schultz[330] for an isotropic2 interchain
coupling J⊥:
|J⊥| =
TN
4A ln
(
√
ΛJ1
TN
) (7.4)
with A= 0.32 and Λ≈ 5.8. Using our experimental results TN = 5.3 K and J1 ≃ 82 K,
we obtain J⊥≃ 1.9 K. Thus the ratio between inter- and intra-chain coupling is J⊥/J1 ≃ 2.3×10−2
in Sr2V3O9, showing that it is, indeed, a quasi one-dimensional spin-system.
In the following, we will analyze the different aspects of the non-trivial magnetic
susceptibility of Sr2V3O9.
7.1.4 Results from band structure calculations
In order to get a better understanding and a consistent picture of the properties
of Sr2V3O9, H. Rosner[322] performed electronic structure calculations using the full-
potential, non-orthogonal, local-orbital, minimum-basis scheme[331] within the local den-
sity approximation (LDA). We shall not discuss the details of these calculations here,
instead we will present only the main results obtained from them.
These calculations show a valence band complex of about 7 eV width with two bands
crossing the Fermi level corresponding to the two formula units per unit cell. Typical of
vanadates, the valence band has mainly O 2p character, with some admixture of vanadium
and small contributions from Sr. The states at and right above the Fermi level are built
primarily from V 3d orbitals, with the dispersion arising from hybridization with the
O 2p states, with practically negligible admixture of Sr states. In the partial DOS it
was possible to distinguish between the two different types of V sites. The tetrahedrally
coordinated V1 and V2 have only a very small contribution at the Fermi level, as expected
for V5+ ions. On the other hand, the octahedral V3 site shows a half filled orbital at the
Fermi level, leading to a magnetically active spin 1/2 V4+ ion. Thus, the results from these
calculations are fully consistent with the assignment of the different V species mentioned
earlier.
The calculated band structure evidence a rather weak dispersion along the structural
octahedra chain, which can be related to a weak overlap in the long V3· · ·O1 bond
located opossite to the short vanadyl bond. The authors[322] therefore suggested that
from the point of view of the electronic structure, the picture of VO5 pyramids stacked
along the c axis seems more appropriate than the picture of linked VO6 octahedra. The
dispersion perpendicular to the structural chain, which corresponds to the V3 octahedra–
V1 tetrahedra–V3 octahedra chain, is 3 times larger than along the structural chain. This
2In this model it is assumed that J⊥ has the same strength in the two directions perpendicular to the
chain.
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confirms our early conjecture (stated in 7.1.2), based on an empirical bond and orbital
analysis, that the magnetic chain is perpendicular to the structural one. The dispersion
in the third direction (parallel to b̂) is extremely small, leading therefore to spatially very
anisotropic exchange interactions for this compound.
A rough estimation for the exchange integrals was obtained[322] by a tight binding
(TB) model taking into account, in a first approximation, only nearest neighbors (NN)
in each direction. Taking the monoclinic angle into account, this results in ta′ ∼ 110 meV,
tc ∼ 30 meV and tb < 1 meV. Here, ta′ corresponds to the dispersion parallel to the magnetic
chain which runs perpendicular to the ĉ direction of the structural chain. These trans-
fer integrals enabled to estimate the relevant exchange couplings, Ja′ ∼ 110 K, Jc ∼ 10 K
and Jb < 0.01 K. With respect to the crude approximations made, this estimation for the
leading exchange integral Ja′ is in good agreement with the experimental result J1 = 82 K
from the fit to the susceptibility data. At first glance, the deviation from the experimen-
tally estimated interchain exchange J⊥ = 1.9 K may look rather large but it was argued
that this very anisotropic exchange interactions resembles strongly the situation in the
corner shared cuprate chain-compounds Sr2CuO3 and Ca2CuO3. These quasi 1D cuprates
exhibit antiferromagnetic intrachain exchange integrals J1D of the order of 2000 K, but
due to the very weak interchain coupling order antiferromagnetically only at TN ≈ 5 K
and TN ≈ 9 K respectively[332–334]. As in Sr2V3O9, in those systems the coupling in the
weakest direction is negligibly small and will be dominated even by the dipolar interac-
tions. It has been shown[335] that for such very anisotropic scenarios the application of
Schulz’s quantum spin-chain approach[330] assuming isotropic interchain interactions J⊥,
is limited. Assuming J⊥ = 1/2(Jb + Jc), the Néel temperatures for the quasi 1D-cuprate
chains were considerably overestimated in ref. [335]. Most remarkably, an empirical es-
timate of J⊥ in Sr2CuO3 in the same work[335], using the experimentally observed Néel
temperature, leads to a value for the interchain exchange smaller by a factor of about
2–3 than the theoretical estimate. This is very much in line with the present scenario in
Sr2V3O9 (J theor⊥ = 1/2(Jb + Jc) = 5 K and J
exp
⊥ = 1.9 K) and a strong indication that the
magnetic ordering in such anisotropic systems deserves further theoretical investigation.
7.1.5 Low temperature χ(T) upturn and annealing effects
We now turn to the Low-Temperature Curie-Weiss Upturn (LT-CWU) of χ(T) at low
temperatures. Usually, such an upturn is attributed to paramagnetic moments due to
impurities or defects in the sample. However, it was recently demonstrated that such
upturn can also be intrinsic[329, 336, 337]. One possible intrinsic origin for such upturn is
a staggered magnetization due to a staggered g-factor or to a Dzialoshinskii-Moriya (DM)
interaction[138, 328]. We will treat this possibility in more detail in the next sections.
A first indication for the intrinsic nature of the LT-CWU in Sr2V3O9 is given by the
behaviour of χ(T) below TN . If the LT-CWU would be due to paramagnetic impurities,
it should also be present below TN . However, below TN , χ(T) decreases down to the lowest
measured temperature of 1.9 K, without any trace of paramagnetic impurity contribution.
In an attempt to get more insight into this phenomena, we investigated the influence of
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Figure 7.5: χ(T) of the same polycrystalline Sr2V3O9 sample after three consecutive annealing
processes. The continuous lines are fits with the model of eq. 7.1.
different preparation conditions on polycrystalline samples. We found that the upturn in
χ(T) and the antiferromagnetic ordering presented a clear and systematic dependence on
the annealing processes. In fig. 7.5, we show the evolution of χ(T) of a Sr2V3O9 polycrys-
talline sample after successive annealing steps at about 900 ◦C for 24h each, in dynamical
vacuum. Whereas the changes at high temperatures are rather weak, pronounced dif-
ferences are observed at low temperatures. The Curie-like upturn is always present, but
its magnitude increases with the number of annealing steps. Further on, a strong shift
of the transition temperature from TN = 2.4 K in the as grown sample up to 5.3 K after
the third annealing step is observed. Further annealing did not increase TN any more
suggesting that we reached saturation of TN . In order to perform a quantitative analy-
sis, the χ(T) curves were fitted using eq. 7.1 and the effective moment µ′eff connected
with the LT-CWU were calculated from the coefficient C. The resulting fit parameters
for the three curves of fig. 7.5 are given in table 7.1. We can see that µ′eff increases by a
factor of 2 when TN shifts from 2.4 K to 5.3 K, whereas J1 does not change appreciably
and the effective moment µeff increases only slightly. Interestingly, we found an excel-
lent but intriguing correlation between TN and µ′eff , not only in this sample, but also
in all investigated Sr2V3O9 samples. This correlation is presented in fig. 7.6, where we
plot both µ′eff and µeff vs.TN using all investigated samples, even two single crystals (in
which case these results correspond to the average susceptibility χAV obtained averaging
the measured susceptibilities along the crystallographic directions).
The upper plot of fig. 7.6 suggest a very weak increase of µeff with TN , although the
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Figure 7.6: Plots µ′eff vs. TN and µeff vs. TN from the fits to the χ(T) data of our Sr2V3O9
samples.
data scatters strongly. Nevertheless, we tentatively fit these data with a linear function
(the resulting values are shown in the plot) which show that µeff also tends to increase
TN [K] χvv[emu/mol] µ′eff [µB] θW [K] µeff [µB] J1[K]
1 ann 2.5 5×10−5 0.235 -2.23 1.657 81.3
2 ann 2.9 3×10−5 0.286 -1.56 1.742 81.4
3 ann 5.3 2×10−5 0.477 -4.27 1.792 82.0
Table 7.1: Results of fitting the χ(T) of a Sr2V3O9 sample after three consecutive annealing
steps. These χ(T) and the resulting fit functions are shown in figure 7.5.
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with TN . For low (respectively high) TN values µeff is slightly lower (respectively higher)
than the expected value of 1.73 µB suggesting that for lower TNs there is a bit less than
one V4+ per site participating in the one-dimensional chains while for higher TNs there is
a small excess of magnetic moment per site. This would indicate that some weak charge
doping occurs after repeated annealing steps in high vacuum possibly by the reduction of
some of the V4+ sites to a V3+ valence state.
In the case of µ′eff all points lie almost on one line, therefore we performed a linear
fit to these data and include the resulting parameters in fig. 7.6. We could not find in
the literature any report of an identical behaviour in other compound. Nevertheless, it
was found that in La2CuO4−δ the value of TN is extremely sensitive to oxygen content
with TN (δ∼ 0)∼ 0 and TN(δ∼ 0.03)∼ 300 K. This shift of the transition temperature was
accompanied by a proportional increase of the upturn above TN which has a Curie-Weiss
like behaviour[338, 339]. This behaviour was identified as originating from Dzyaloshinskii-
Moriya (DM) interactions which appears in the low-symmetry orthorhombic phase of
La2CuO4[272, 340] and leads to a canting of the antiferromagnetically ordered moments
on the Cu2+ ions. This suggest that the origin of the upturn in Sr2V3O9 might also be
related to such kind of antisymmetric DM interactions.
It is curious also to note that the extrapolation of the linear fitting function towards
T = 0 does not intercept the origin. Instead, a Curie-like upturn, corresponding to a value
of µ′eff ≃ 0.0466 µB is predicted when TN vanish. Further on we determined that the
overall effective moment µalleff =
√
µ2eff + µ
′2
eff reaches the value of 1.73 µB for TN ≃ 3.2 K.
Presently, the origin of this linear relation is not clear. However, µ′eff increasing with
TN can be taken as a further support for our claim that the LT-CWU is not induced by
extrinsic paramagnetic impurities or defects in Sr2V3O9. An explanation for this upturn
based on possible existence of defects in the magnetic chains is difficult since defects (like
non-magnetic V5+ in place of V4+, cut chains, etc.) are expected to weaken a coherent
three-dimensional magnetic coupling and thus to reduce TN . Therefore, one would expect
a reduction of a defect-induced LT-CWU with increasing TN which is opposite to what
is observed. A high TN implies a well defined magnetic coupling between adjacent chains
and hence one can suspect that this requires a long range three dimensional order of the
vanadyl-bonds. This is supported by the observation that high TNs were observed in those
samples which were annealed repeatedly as close as possible to the melting point, which
is slightly above 900 ◦C. Since the ordering of the vanadyl-bonds between different chains
involve not only the independent flip of single V4+ ions, but the coherent rearrangement
of all the V4+ ions within one octahedra-chain, one expect that this ordering can only take
place very close to the melting point. Unfortunately, an attempt to determine changes
in the ordering of the vanadyl bonds among samples with different TN , using Rietveld
refinements of powder X-ray patterns, failed because the superstructure reflexes connected
with this order are too weak to be seen in powder patterns. These refinements showed some
weak differences in the structures, but it was impossible to get a significant information
about the ordering of the vanadyl bonds.
If the upturn is not due to defects, we have to look for other possible intrinsic origins.
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The first trivial idea, that this upturn is due to a (comparatively weak) ferromagnetic
inter-chain interaction seems to be incorrect. The inclusion of a weak ferromagnetic inter-
chain coupling within a mean field approach leads to a T-independent downwards shift
of the 1/χ(T ) vs T curve, i.e to a larger increase of χ(T) at Tχmax than below Tχmax , in
contradiction to the experimental results.
An alternative explanation for the increase of TN , based on the direct effects of the
heat treatments in Sr2V3O9 is the following. The annealing in high vacuum may lead to
some removal of oxygen atoms with the consequence that some V4+ ions might be reduced
to a V3+ valence state. These V3+ ions would enhance the inter-chain interactions and
would be the source of the extra effective moment observed in the samples with TN above
3.2 K. The mechanism would be the following. Since the VO4 tetrahedra is a rather robust
structure and cannot easily be transformed into another VOn polyhedra, the removal of
the oxygen is likely to occur on the O1 site, the oxygen ion joining two octahedra along
a structural chain. This would result in two VO5 pyramids with vanadyl bonds pointing
away from the O1 vacancy, and thus away from each other. One then needs in between
two O1 vacancies along a chain at least one VO6 octahedra without vanadyl bond, else one
O1 atom would be involved in two vanadyl bonds. These octahedra would accommodate
the V3+ induced by the removal of the oxygen, because vanadium in the 3+ valence state
is always placed at the centre of a perfectly regular octahedron. Since at least one of the
two t2g orbitals of V3+ would be parallel to the structural chain, these V3+ ions might
mediate a stronger exchange between neighboring magnetic chains. If the other t2g orbital
remains parallel to the magnetic chain, this chain would not be cut, only a S = 1/2 spin
would be replaced by an S = 1 spin. This possible scenario is, at the present, only an
hypothesis since we have no experimental evidence neither on its favor nor against it.
The last possible reasons for such LT-CWU, that we will discuss in this work, are the
effects of a staggered g-tensor and/or an antisymmetric DM interaction in Sr2V3O9. In
this compound, since the magnetic and the structural chains are orthogonal, a change of
the orientation of the vanadyl bond between adjacent structural chains shall change the
symmetry between adjacent V4+ ions along the magnetic chain and thus should directly
affect the strength of the DM-interaction. Further, it was recently shown that in a kagomé
lattice, another spin system which do not show antiferromagnetic order even at T = 0, the
DM interaction induces magnetic ordering[341]. Assuming a similar effect in a spin-chain
would give an explanation for the correlation between increasing LT-CWU and increasing
TN .
In order to study this possible mechanism for the origin and behaviour of the LT-CWU,
a detailed analysis of the anisotropy of the magnetic susceptibility and ESR linewidth are
mandatory. For this reason, in the next section we will introduce the Dzyaloshinskii-
Moriya interaction and its consequences in the magnetic properties of a compound. Next,
we shall present the results of χ(T) measurements carried out in our Sr2V3O9 single
crystals, followed by the main results of the ESR measurements performed in Sr2V3O9
single crystals which shall be compared and related to the χ(T) results.
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7.1.6 The Dzyaloshinskii-Moriya interaction
The canting effect responsible for weak ferromagnetism in essentially antiferromag-
netic materials has been attributed primary to two types of mechanisms, i. e. single-ion
anisotropy and antisymmetric exchange. The former arises from the fact that the orbital
moments induced by the spin-orbit coupling depend on the direction of the spin S with
respect to the crystal axes. Further on, this effect adds to the isotropic exchange interac-
tion an anisotropic part. Since the single-ion anisotropy is very small for S = 1/2 3d ions
like V4+, Ti3+ and Cu2+, the magnetic anisotropy of the materials containing these ions
is dominated by the anisotropic exchange interaction. For this reason, we shall consider
the effects of possible anisotropic interactions in the Hamiltonian describing the magnetic
behaviour of Sr2V3O9.
The more general anisotropic superexchange interactions were derived by extending the
theory of superexchange interaction[136] to include the effects of the spin-orbit coupling.
In this case it was shown[138, 342] that the interaction Hamiltonian between the spins Si
and Si+1 can be written as
H =
∑
i
{
J(Si · Si+1) + Di,i+1 · (Si × Si+1) + Si · Γi,i+1 · Si+1
}
(7.5)
where the scalar J is the usual isotropic exchange energy, the vector Di,i+1 is the
Dzyaloshinskii-Moriya vector (which determines the antisymmetric exchange interaction)
and the tensor Γi,i+1 is the symmetric exchange anisotropy.
When the orbital level splitting (due to crystal-field effects) is larger than the spin-orbit
coupling, it is possible to estimate J , Di,i+1 and Γi,i+1 by a perturbation method[138]. It
was found that the orders of magnitude of D and Γ are
|D| ∼
(
∆g
g
)
J ∼
(
λ
∆
)
J
Γ ∼
(
∆g
g
)2
J ∼
(
λ
∆
)2
J (7.6)
where g is the gyromagnetic factor, ∆g is its deviation from the free electron value
due to the spin-orbit coupling, λ is the spin-orbit coupling energy and ∆ is the crystal-
field splitting energy. Since for S = 1/2 transition metal ions (∆g/g) ≪ 1 one has that
Γ ≪ D and thus the next term in importance after the symmetric superexchange J
is the Dzyaloshinskii-Moriya (DM) one, which is linear in the spin-orbit coupling and
antisymmetric for the exchange of two spins. The Γ term, being of second order in the
spin-orbit coupling is expected to have a much weaker effect upon the magnetic properties.
For the V4+ ion, λV ≃ 0.03 eV[343] is smaller than λCu ≃ 0.1 eV for Cu2+. At the same
time, the splitting of the t2g orbital levels due to the off-center displacement of the V-
ions (δ≃ 0.2 Å) was estimated to be[183] ∆V ≃ 0.2 to 0.5 eV. In comparison, for Cu2+
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normally ∆Cu ≃ 1 to 2 eV. Therefore, λ/∆ may take values in the range 0.01 - 0.15 for
both V4+ and Cu2+ ions. The ∆g/g values experimentally found in compounds of these
ions are in the range 0.03–0.15 for Cu2+ (gCu ∼ 2.05 − 2.3[329]) while for V4+ one has
∆g/g ∼ 0.02 − 0.08 (since gV ∼ 1.92 − 1.98 [344, 345]). This difference, in turn, suggest
that the DM interaction might be comparatively weaker in the vanadates than in the
cuprates. This apparent contradiction between both theoretical estimations and common
experimental observations shows the importance of having accurate λ and ∆ values for a
particular compound and the limitations of the estimation shown in eq. 7.6. Moreover, it
should be noted that eq. 7.6 is strictly valid only when ∆≫λ and the electronic ground
state is not degenerated. As soon as ∆ decreases eq. 7.6 is no longer a good estimation
since it diverges for ∆ = 0. In the case of Sr2V3O9, that would correspond to a V4+ ion
located exactly in the center of the octahedra (δ = 0) in which the three t2g orbitals are
degenerated.
In our case we do not have the exact values of λ and ∆ but, from the ESR mea-
surements, experimental values of ∆g/g for Sr2V3O9 were obtained. Therefore, in the
remaining of this work, the measured value for ∆g/g shall be used in what concerns the
DM interaction.
The crystal symmetry is of particular importance for the antisymmetric DM cou-
pling. In lattices of high symmetry this interaction vanishes though it is important in
low-symmetry structures, particularly in relation to weak ferromagnetism, as we shall
see. Moriya[138] has obtained simple rules for getting an estimation of D based on the
symmetry of the crystal at the midpoint between magnetic moments interacting through
a superexchange (or also a direct exchange) interaction. Unfortunately, these rules are not
enough for uniquely determine the magnitude and direction of D and normally detailed
calculations are necessary together with microscopic experimental information.
In the case of Sr2V3O9 there is a main J1 superexchange interaction along the magnetic
chains running across the V15+O4 tetrahedra that joins the structural V34+O6 octahedra.
For this reason we call AB the line segment connecting the centers of neighboring [V3O6]A
and [V3O6]B octahedra in a magnetic chain and define an auxiliary local axis b̂’ which is
parallel to b̂ and passes through the midpoint of AB. This midpoint coincides with the
position of the V15+ ion in the [101] plane. Along a magnetic chain, two structural features
are specially relevant for the symmetry at the midpoint of AB, namely the alternating tilt
of VO6 octahedra forming a magnetic chain and the 2D spatial pattern of the off-center
displacement of the magnetic V-ions in the VO6 octahedra. A rotation by a π-angle about
b̂’ interchange [V3O6]A and [V3O6]B octahedra including the ionic positions of V3A and
V3B if the AF type of the V-ion off-center displacements is realized. This means that b̂’
is a two-fold rotation axis for each VA-VB pair of neighbors in the case of AF structural
configuration, while this local symmetry operation is lost in F -configuration.
Ivanshin et al.[323] developed a theoretical analysis to predict the DM vector distri-
bution along a magnetic chain for both possible spatial patterns of the off-center dis-
placements of the V3 ions. This analysis predicted rather different distributions of DM
vectors in structural F and AF configurations. For the AF configuration, the resulting
D is confined to the ac-plane (which is in accordance with Moriya’s symmetry rules[138]).
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But, the alternating tilt of the VO6 octahedra along a magnetic chain provides a stag-
gered variation of the DM vectors, Di,i+1 = (−1)iD(s), where i denotes the V3-sites along
a magnetic chain. In the F -configuration they predicted Di,i+1 = (−1)iD(s) +D(u), with a
staggered component D(s) confined to the ac-plane and a uniform component D(u) parallel
to b̂.
Due to the DM interaction the spins of the sublattices, aligned antiparallel to each
other due to the exchange interaction, cant by a small angle θ generating a net mag-
netic moment in a direction determined by the direction of D. The compounds pos-
sessing this property are called canted antiferromagnets. The magnitude of the canting
angle will be θ = |D|/2J1 ∼∆g/g (if the energy related to an uniaxial anisotropy is ne-
glected). The canting of the moments in the antiferromagnetic lattice has observable
consequences in the magnetic susceptibility. Since the components of D are determined
by the structure of the material, it may not be unique along the magnetic lattice and a
distribution of D vectors among pairs of moments may take place. In this general case
the induced canted moments will be also distributed forming its own magnetic lattice
which will have correspondingly different macroscopic behaviours. For instance, in the
ordered state below TN , two different behaviours may occur. If the induced canted mo-
ments are ordered in an arrangement with a macroscopic ferromagnetic resultant then a
net ferromagnetic-like jump will be observed below TN . In the opposite case, when the
canted moments order in an antiferromagnetic-like arrangement in which they cancels
from chain to chain or layer to layer, then the behaviour of χ(T) below TN will be close
to that observed in normal antiferromagnets. In the first case, since the ferromagnetic
ordered moment is much smaller than the expected one from the full moment of the inter-
acting ions, this case is usually called weak-ferromagnetism. Historically important exam-
ples of weak-ferromagnetic compounds are α-Fe2O3[138, 328], MnCO3[346], CoCO3[347],
RFeO3[348, 349] (R: rare-earth ion), among others. More recently, the presence of the
antisymmetric DM interaction has been thoroughly proved in several cuprate oxides
as Ba3Cu2O4Cl2[350], La2CuO4[272, 351–353], the isostructural BaCu2Ge2O7[354, 355]
and BaCu2Si2O7[356, 357], Ba2CuGe2O7[358, 359], SrCu2(BO3)2[360] etc. Other com-
pounds in which the magnetic properties where successfully explained including the DM
interaction are Ba2CoGe2O7[361, 362], Yb4As3[337, 363, 364], RbCoCl3·2H2O[365], Cu-
pyrimidine[329, 366], Cu-benzoate[367–369], the kagomé lattice Fe and Cr jarosites[341,
370], Fe(pyrimidine)2Cl4[371], LaMnO3[372, 373], etc. With respect to vanadium canted
antiferromagnets, the examples in the literature are scarce, being K2V3O8[35] possibly the
best studied case. Other vanadium compound presenting a weak ferromagnetic state in
the ordered phase is VOMoO4 but the possibility of the presence of DM interactions has
not been investigated in this compound[374, 375]. This scarcity of studies on vanadium
compounds presenting DM interactions is rather strange considering the large amount of
magnetic vanadium compounds and the fact that many of them cristallize in structures of
relatively low symmetry. This lack of detailed studies of DM interactions in vanadates is a
further incentive for a deeper analysis of the magnetic properties of Sr2V3O9, a compound
in which (very likely) such interactions take place, as we shall see in the next sections.
A remarkable consequence of the canting of the moments is that the paramagnetic
susceptibility shows a sharp increase near the Néel temperature. This increase has been
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found experimentally to closely follow a Curie-like dependence on temperature above
TN [272, 329, 336, 356]. A characteristic feature of this contribution is its strong de-
pendence on the direction of the applied field, which distinguishes it from the contri-
bution of paramagnetic impurities or structural defects in the crystal. Oshikawa and
Affleck[336, 376] have explained theoretically the origin of this upturn as generated by
an effective staggered field h, orthogonal to the applied uniform field H, which arises
(in the general case) from a staggered gyromagnetic tensor g and an antisymmetric
Dzyaloshinskii-Moriya interaction. These authors found that
h ≈ 1
2J
D × guH + gsH (7.7)
where gu is the uniform gyromagnetic tensor while gs is the staggered one. For
T≪ J/kB, this staggered field leads to a staggered contribution, χs(T), to the uniform
magnetic susceptibility χu(T) of the form[329, 336]:
χs(T ) ≃ 0.2779
( |h|
|H|
)2(
NAµ
2
B
kB
)
ln1/2(J/kBT )
T
(7.8)
Since the logarithmic term varies slowly with temperature, at low T the χs(T) varies
approximately like Cs/T . The magnitude of Cs depends on the relation between the direc-
tion of the applied field and the D vector. In particular, for H ‖D (and negligible gs) one
obtains that h vanish and hence χs(T), while for H⊥D, h reaches its largest magnitude
and χs(T ) shows the stronger increase. One should note that in a one-dimensional system
the expected uniform susceptibility χu(T) reaches a constant value for T→ 0[234, 235]
while the staggered susceptibility χs(T) diverges as T−1. Thus, although it is multiplied
by the small constant (|h|/|H|)2 ∼ (∆g/2)2, it eventually dominates at low enough tem-
peratures.
7.1.7 Results from χ(T) measurements on single crystals
In figure 7.7 we show the measured χ(T) (at 1000 G) of a Sr2V3O9 single crystal with
the field applied along the main crystallographic directions. In the inset of this figure
we enlarged the low temperature region. We calculated also the average susceptibility
χav = (χa + χb + χc)/3, which should correspond to the χ(T) measured in the polycrys-
talline samples. This χav is included in fig. 7.7 as a continuous line being evident that
it resembles the susceptibility measured on the polycrystalline samples. We fitted these
susceptibilities with the model applied to the polycrystalline data (eq. 7.1) and obtained
the values summarized in table 7.2.
The magnetic behaviour along different directions is isotropic from high temperatures
down to temperatures of the order of TχMax, at which some differences between them start
to be visible. These differences gradually increase when lowering the temperature down
to TN . At this point, χ(T) for H‖b starts to decrease abruptly in the ordered state, while
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Figure 7.7: χ(T) of a Sr2V3O9 single crystal along the structural axis for an applied field of
1000G.
the susceptibilities along the other two directions increase slightly with respect to the
value they have at TN . This behaviour indicates that in the ordered state the moments
are aligned along b̂ at small fields. This imply that an uniaxial magnetic anisotropy is
present in this compound, being the easy axis parallel to the structural b̂ axis.
χvv[emu/mol] µ′eff [µB] θW [K] µeff [µB] J [K]
H‖â 3×10−5 0.358 -3.72 1.82 81.8
H‖b̂ 2×10−5 0.366 -2.22 1.80 80.9
H‖ĉ 2×10−5 0.351 -4.48 1.793 80.9
Average 2×10−5 0.358 -3.47 1.80 81.2
Table 7.2: Results of fitting the χ(T) (fig. 7.7) of a Sr2V3O9 single crystal with field applied
along the structural axes.
7.1.7.1 Spin-Flop transition in Sr2V3O9
In cases of compounds with an uniaxial anisotropy, a Spin-Flop (SF) transition is
expected to take place at a critical field HSF when the magnetization M(H) is measured
with the field applied parallel to the easy axis (see section 6.4.1.4). During this transition
the moments flip from being parallel to the field to an orientation perpendicular to it and
a pronounced increase in magnetization is produced. By measuring M(H) at different
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temperatures, the SF line in the H-T phase diagram can be determined. Therefore, we
performed magnetization vs. applied field measurements at several temperatures (figure
7.8) between 2 and 5.5 K (below TN) and for applied fields up to 5 Tesla parallel to
b̂. In order to check for possible irreversible behaviour we measured the magnetization
curves (shown in fig. 7.8) by increasing and decreasing the applied field. Fig. 7.8 indeed
evidence a strong increase in the magnetization between H = 1 T and H = 2 T. However,
this increase is not step-like but it is rather continuous indicating a smooth change of
the orientation instead of a first order spin-flop transition. This behaviour has been
predicted to be a direct consequence of the presence of antisymmetric DM interactions in
an antiferromagnet with uniaxial anisotropy[377, 378]. These authors predicted that the
spin-flop field HSF (T) shall decrease when the DM interaction increases and thus the SF
transition becomes more and more gradual since a corresponding increase in the induced
canted ferromagnetic moment is expected.
Figure 7.8: M(H) of a Sr2V3O9 single crystal for H‖b̂. Inset: Enlargement around the range in
which the Spin-Flop transition occurs.
A further unusual feature is the presence of a very weak hysteresis below the strong
increase in M(H) (see inset in fig. 7.8). A detailed measurement of an hysteresis curve
at 2 K (fig. 7.9), revealed a very small remnant magnetization of |MR|≃ 2×10−4 emu/gr
corresponding to a ferromagnetic component of 2.4×10−5 µB/V4+ and a small coercive
field |Hc|≃ 132 G. The origin of this extremely weak ferromagnetic component is also not
clear but we think it might be a consequence of a DM-interaction which, in case some
disorder between adjacent chains or layers exist, may lead to a non complete cancellation
of the weak ferromagnetic canting moments between adjacent chains or from layer to
layer.
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Figure 7.9: Magnetization loop at 2K of a Sr2V3O9 single crystal with H‖b. Inset:
Enlargement of the low-field range. The arrows indicate the direction on which the field was
changed.
Figure 7.10: χ(T) for H‖b at several fields. Inset: magnification around TN .
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The spin-flop transition line can be determined alternatively by measuring χ(T) par-
allel to the easy axis at different fields for T < TN . At the spin-flop field an abrupt change
of susceptibility is expected from the reduced value of the susceptibility when the mo-
ments are fixed parallel to the easy axis, to the larger susceptibility when the moments
are in a direction perpendicular to the field. In Sr2V3O9, the smooth spin-flop transition
leads also to a continuous increase of χ(T) with field below TN (fig. 7.10). Thus the
smooth behaviour of χ(T) and M(H) do not allow to determine a well defined TSF (H)
for Sr2V3O9. One can roughly fix an onset of the SF transition at H≃ 1 T and an offset
at H≃ 2 T, the former being almost temperature independent while the latest seems to
increase with increasing temperature, as can be deduced from the dip in χ(T) below TN
at H = 2 T.
We observed that above TN the susceptibility is affected by the field up to about 30 K.
Above this temperature, χ(T) does not change when the field is increased up to 5 T.
This is reasonable since at these larger temperatures the thermal energy is much larger
than the magnetic energy µeffH. The decrease of susceptibility with increasing field for
temperatures below about 30 K but above TN originates in the Curie-like component. The
susceptibility is reduced because the magnetization produced by these moments starts to
saturate at those fields.
From our χ(T) measurements, it is also hard to determine how TN depends on applied
magnetic field since the expected kink in χ(T) is not well defined. This situation becomes
even worse above the spin-flop transition leading to the disappearance of the clear kink
observed in χ(T) at TN for low fields. We analyzed the derivative of χ(T) for the several
fields presented in fig. 7.10 but even with this method it was not possible to unambiguously
determine TN and its dependence on field.
7.1.8 Results from ESR measurements on single crystals
From the previous analysis of the χ(T) data of Sr2V3O9 we concluded that the LT-
CWU is of intrinsic origin, presenting a rather weak anisotropy in single crystal measure-
ments and an intriguing direct correlation with the transition temperature, TN . But, on
the other hand we could not go further in our attempt to explain the LT-CWU with these
macroscopic χ(T) measurements. Therefore we resort to ESR measurements in Sr2V3O9
single crystals because of its high sensitivity to anisotropy in the magnetic interactions.
7.1.8.1 Introduction
The electron spin resonance (ESR) is a powerful tool for probing the low-energy mag-
netic excitations in solids with a unique sensitivity and resolution. A remarkable feature
of ESR is that, if the Hamiltonian of the system is isotropic (apart from the Zeeman
term), the resonance occurs at the Zeeman energy being completely sharp, as if there
is no interaction at all. But, once a perturbation is added in the form of an anisotropic
interaction, changes in the line shape such as a broadening and a shift of the resonance are
179
7 Quasi-one-dimensional compounds
expected. In the case of the S = 1/2 Heisenberg antiferromagnetic chains there was a clear
lack of a rigorous ESR theory until 1999 when Oshikawa and Affleck[337, 379] developed
such theory based on a field-theory approach. These authors estimated the dependence
on temperature of the ESR linewidth, ∆H, for an S = 1/2 Heisenberg antiferromagnetic
chain in presence of the staggered field h defined in eq. 7.7. Their main results are the
following. In the absence of h one has ∆H ∼T for T≪ J1 exhibiting a weak angular
dependence on the direction of H. When h 6= 0 the behaviour of ∆H drastically changes
acquiring a different low-temperature behaviour, ∆H ∼ (|h|/T )2. Since the magnitude of
the staggered field h is determined by the direction of the external field H, then a strong
angular dependence of ∆H on the direction of H is expected in this case.
At low T, another contribution to ∆H is present in the compounds that develops a
phase transition towards an ordered state at TN due to the 3D Néel phase fluctuations. It
leads to a diverging behaviour of the form ∆H = A(T − TN )−n, with A a constant and n
varying in the range of 0.5–1.5 depending on the dimension of the lattice[380–382]. This
low T broadening of ∆H above TN is expected to be independent of the direction and
magnitude of the field in contrast to the behaviour expected due to the staggered field h.
This extra contribution to the ∆H broadening may complicate the analysis of ∆H in the
low temperature regime. In this case, the relevant information will be given by the angular
dependency of ∆H at higher temperatures in the paramagnetic regime when T≫ J1.
There, different behaviours of ∆H have been predicted for the two possible orientations
of the vanadyl bonds (F or AF configurations) in Sr2V3O9, by Ivanshin et al.[323]. In
the F case the D vector is predicted to present a uniform component in addition to the
staggered one whereas in the AF case the D vector is completely staggered. In the latter
case, the magnetic lattice possesses a hidden symmetry[336, 379] which strongly reduces
the anisotropy of the spin-spin interaction and hence, produces a significant narrowing of
the resonance line[383]. This narrowing of ∆H will not occur in the F case when D has a
uniform component. For this reason, a detailed analysis of the ESR linewidth of Sr2V3O9
and its angular dependence on applied magnetic field would allow for an unambiguous
determination of the microscopic arrangement of vanadyl bonds in Sr2V3O9. It should
also allow for determining the magnitude of the components of D by fitting the ∆H(θ)
data.
7.1.8.2 Results
V. A. Ivanshin et al.[323] have performed such a study of the angular and temperature
dependence of the electron spin resonance in our Sr2V3O9 single crystals (TN ∼ 5 K) in
the temperature range 4 K≤T≤ 500 K. They show that the antisymmetric Dzyaloshinskii-
Moriya exchange anisotropy within V-chains dominate strongly the other anisotropies and
was successfully applied to describe both the size and the orientation dependence of the
ESR linewidth ∆H in the high temperature limit. The main results of that work are the
following:
• Only a single ESR absortion line was observed within the whole paramagnetic region
and was attributed to the V4+ ions. This resonance line was successfully fitted with
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a Lorentzian line shape in the whole temperature range. ∆H, the linewidth, is
defined as the half width at half maximum of this line.
• The g factor was found to be independent of temperature. Along the crystallo-
graphic axes (a, a′, b, c) it took the following values: ga = 1.957±0.001, ga′ = 1.952±0.001,
gb = 1.948±0.001 and gc = 1.931±0.001. Therefore, the deviation ∆g from the free
electron value g is rather small, since ∆g/g≃ 0.02–0.03, which is typical for vana-
dates bearing a weak spin-orbit coupling.
• The observed g factors are the result of the average of the individual g tensors
of two inequivalent VO6 octahedra whose principal axis are tilted alternatively
along a magnetic chain. This alternation would produce a staggered component
g(s) in the individual g tensors, like in the Cu-compounds with an alternating g-
tensor[329, 336, 368]. The resulting anisotropic Zeeman interaction would con-
tribute to the ESR linewidth broadening, but these authors observed that the weak
g-tensor anisotropy and the small tilt angle of the VO6 octahedra lead only to a
small staggered component g(s) ≈ 0.01. This will contribute to a broadening of the
ESR linewidth of the order of 1% of the observed width. For this reason it was
considered that this contribution could be safely neglected for the analysis of ∆H.
• ∆H presents an anisotropy which is predominantly independent of temperature (fig.
3 on reference [323]). It is characterized by a drastic line broadening below 100 K, a
rather constant behaviour between 100 and 270 K and a further increase at higher
temperatures. The broadening below 100 K was attributed to the development of
long-range spin correlations close to TN because it follows a behaviour of the form
∆H ∝ (T−TN)−1 (with TN ≃ 5 K). For temperatures above 100 K the ESR linewidth
is in the paramagnetic region where the spin-spin relaxation reaches an asymptotic
value. The angular dependence of ∆H was performed in this temperature range, at
120 K. Above 270 K, spin-lattice relaxation processes dominate ∆H(T).
• The angular dependency of ∆H(120 K), when the field was rotated in the a′c and
a′b planes, was found to follow a sinusoidal function. In the a′c plane the max-
imum was close to H‖c with ∆H≃ 400 G and the minimum close to H‖a’ with a
value ∆H≃ 200 G. At the same time, the magnitude of the angular variation of
∆H(120 K) was smaller in the a′b plane. The maximum was found at exactly H‖b
with ∆H≃ 250 G while the minimum was found at H‖a’ with ∆H≃ 220 G.
• This behaviour was found to be in agreement with an inter-chain ordering of the
vanadyl bonds of the ferro-type (F ) because for this symmetry the D vector has
both, staggered and uniform components of the form Dl,l+1 = (-1)lD(s) +D(u). In
this case, the staggered component D(s) is confined to the a′c layer while the uni-
form component D(u) is parallel to the b axis. Therefore, there are two inequiv-
alent D vectors, D1 =Dl−1,l and D2 =Dl,l+1 in Sr2V3O9, which alternate along a
magnetic chain. In the coordinate system (a′, b, c) these vectors can be written as
D1 = D(da′ , db, dc) and D2 = D(−da′ , db,−dc) with d2a′ + d2b + d2c = 1. Fitting the
angular behaviour of ∆H(120 K) with a model for the dependency of ∆H in such a
system, these authors could determine the components of the D vector. The values
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being D = 3.08 K and da′ = 0.23, db = 0.41 and dc = 0.89. This value of |D| is close
to that obtained from eq. 7.6, |D| ∼ (∆g/g)J1 = 0.03J1 = 2.5 K.
In summary, these authors developed a theoretical analysis that relates the peculiar-
ities of the structure of the vanadium chains in Sr2V3O9 with the spatial pattern of the
Dzyaloshinskii-Moriya vector distribution along a magnetic chain. Two different spatial
patterns were considered for the theoretical description of ∆H. In the case of a staggered
Dzyaloshinskii-Moriya interaction, improvements of a recently developed ESR theory tak-
ing into account a hidden symmetry were suggested. Both the improved theory and the
standard one were applied to distinguish between the two patterns of the Dzyaloshinskii-
Moriya vector intrachain distributions. Comparison with experimental results clearly
indicated the presence of the non-staggered distribution of the DM vector in Sr2V3O9.
7.1.9 Comparison between single crystal χ(T) and ESR results
Now we are in conditions to compare the experimentally observed LT-CWU in Sr2V3O9
with the predicted χs(T) (eq. 7.8) arising as an effect of the staggered field h originated
from the DM interaction.
The observed anisotropy χcLT−CWU < χ
a
LT−CWU < χ
b
LT−CWU , in the temperature range
5 K≤T≤ 50 K, is roughly in qualitative accordance with the theoretical prediction. From
eq. 7.8 it can be demonstrated3 that for a D vector of the form D= 3.08(0.23,0.41,0.89) K
one expect that χcs < χ
b
s < χ
a′
s . In our case we did not measure the susceptibility along â’
(perpendicular to the magnetic chains), instead we measured along the structural crystal-
lographic direction â. In this case, χas should obviously take a value between χ
c
s and χ
a′
s .
Using also eq. 7.8 we estimated that χas should be larger than χ
b
s, in contradiction with
the experimental observation. However, possible reasons for this disagreement may be a
misalignment of the crystal during the measurement or a D not well determined from the
ESR measurements.
We also observed that χs(T) was not suppressed along any of these crystallographic
directions. This is reasonable if we consider that for suppressing the staggered suscepti-
bility one should apply the field parallel to the D vector, which is not parallel to any of
these axes. Further, since D has two components staggered and one uniform, thus there
is no macroscopic direction along which χs(T) is expected to vanish.
On the other hand, we found that the size of the measured χLT−CWU(T) is about one
order of magnitude larger than expected from the theoretical χs(T). Indeed, it is even
larger than the averaged one inferred from the data reported for Cu-benzoate[368] and
Cu-Pyrimidine[329], compounds with a firmly determined DM interaction. We compared
the experimental value of µ′eff ≃ 0.477 µB observed in a polycrystalline sample with largest
TN (table 7.1) with the µ′eff value estimated in the theory for an angular averaged χs(T).
3since χs is proportional to |h|2, which in turn is proportional to the sum of the squares of the D
components perpendicular to the external field
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For this estimation the term ln1/2(J/kBT ) in eq. 7.8 was replaced by its average value
of about 1.6 since it has a very slow variation with temperature. Then χs(T)∼Cs/T ,
with Cs/T = (NAµ′2eff/3kB)∼ 0.2779(|D|/J)22 (NAµ2B/3kB)1.6, where the angular aver-
age has been already performed (<(|h|/|H|)> = 2/3(|D|/J)2). With |D|= 3.08 K and
J = J1 = 82 K this gives |D|/J = 1.4×10−3 and thus µ′eff ∼
√
0.8893(|D|/J)µB = 0.0354 µB.
This µ′eff is more than one order of magnitude smaller than the experimental value
0.477 µB, evidencing an important disagreement between theory and experiment. One
can argue that the LT-CWU is possibly due to more than one source and thus, even if the
DM contribution has been correctly estimated, an extra (yet unexplained) contribution
is present in this compound. However, it might also be that the physics of the canted
antiferromagnets is still not completely understood and that the theory therefore does
not correctly describe these compounds. Some support for this possibility is found in
the literature since in Cu-benzoate[368] the anomalous low temperature term χs is also
several times larger than that predicted in the theory[336]. We should note that Sr2V3O9
is not an ideal, isolated, one-dimensional chain compound and the inter-chain exchange
interactions may play a relevant role in the macroscopic behaviour of the magnetic lattice,
affecting the staggered susceptibility generated by the D vector.
7.1.10 Specific heat results
In general, the magnetic susceptibility is not conclusive for discerning a 1D from a 2D
spin-system since the temperature dependence of χ(T) is quite similar for a S = 1
2
chain
and for a S = 1
2
square lattice[310], and differences in the absolute values can be accounted
by changes in µeff . On the contrary, profound differences are expected in the magnetic
part of the specific heat at low temperatures. For a S = 1
2
chain, one expects a linear term,
whereas for a square lattice, one expects a leading quadratic term. Thus more insight can
be gained from the analysis of the specific heat.
The specific heat Cp(T) of Sr2V3O9 was measured on pressed polycrystalline pellets and
on single crystals using a standard relaxation method in a commercial PPMS (Quantum
Design) equipment. The procedure has been described previously in chapter 4.
The results of the specific heat measurements on a polycrystalline Sr2V3O9 sample
with the highest TN , are shown in figure 7.11 as Cp/T vs. T2 plots in the temperature
range 2 K < T < 20 K. We can see that this plot follows a straight line over a considerable
temperature range, from TN up to about 15 K, indicating that Cp(T) is the sum of a linear
and a cubic contribution. Since the cubic term corresponds to the expected contribution
of the phonons, this demonstrate that the leading term of the magnetic contribution in
the unordered state (above TN ) is linear in T. For an S = 12 antiferromagnetic Heisenberg-
chain, theoretical calculations[384, 385] predict for low temperatures (T < 0.2 J1):
Cp
T
=
2RkB
3J1
= γtheor (7.9)
With the J1 ≃ 82 K obtained from the fit of χ(T), this correspond to a predicted value
γtheor = 0.68 J/K2mol. Fitting the measured data with:
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Figure 7.11: Measured specific heat of a polycrystalline Sr2V3O9 sample. Inset: Enlargement
of the low temperature region around the magnetic phase transition.
Cp(T ) = γT + βT
3 (7.10)
in the range 9 K < T < 16 K, we obtained γ = 0.66 J/K2mol and β = 9.8×10−4 J/K4mol,
a γ value very close to the values predicted from the susceptibility results. This excellent
agreement is a strong support for the quasi one-dimensional nature of the spin system in
Sr2V3O9. In contrast, an attempt to explain the specific heat data with a square lattice
completely failed. For a two-dimensional S = 1
2
square lattice antiferromagnet, the leading
term in the magnetic specific heat is expected to be quadratic for T≪ J2D. We used the
estimation of Takahashi[386]:
Cp(T ) = δT
2 = R
3ζ(3)
4πJ22Dm
2
1
T 2 (7.11)
with R the Gas constant, ζ(3) = 1.202 and m1 = 1/2 + 0.078974. J2D can be estimated
from the temperature of the maximum in χ(T), T χMax, since theoretical calculations predict
TχMax ≃ 0.94 J2D[236]. This lead to J2D = 56.5 K and thus δ = 2.2×10−3 J/K3mol. By
adding the phonon contribution obtained from the T3 term in the plot Cp/T versus T2,
we get the total specific heat shown by the dot-dashed line in the inset of fig. 7.11. At low
temperatures, the calculated specific heat is far below the experimental one, showing that
Sr2V3O9 is rather far from being a square lattice. Thus the observation of a large linear
contribution in Cp(T ) at low temperatures, which matches very well with that expected
taking the J-values obtained from the susceptibility, is a very strong evidence that the
magnetic coupling in Sr2V3O9 is predominantly one dimensional and that the inter-chain
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coupling is comparatively weak. In a strict sense, the linear temperature dependence of the
magnetic specific heat provides only evidence for a soft mode spanning a two-dimensional
area of wave vector space. Such a behaviour is not limited to one dimensional magnets, it
might also be induced by competing interactions in 2D or 3D lattices. However, the nice
fit of the χ(T) and Cp(T ) data as well as the structural and electronic properties provide
compelling evidence that Sr2V3O9 is really quasi one-dimensional.
The analysis of the magnetic specific heat is restricted to the low temperature regime
because at higher temperatures, Cp(T) is completely dominated by the phonon contribu-
tion making a separation of the magnetic part impossible.
The specific heat of Sr2V3O9 shows at TN a small, but well defined anomaly which
was found to be extremely similar between polycrystalline and single crystal samples.
Further on, there is a pronounced change in the dependence on temperature of Cp(T)
from above to below TN . Below TN , the temperature dependence of Cp(T) is dominated
by a large cubic term, which can be attributed to 3-dimensional magnons in the anti-
ferromagnetically ordered state. The weakness of the Cp(T) anomaly at TN is probably
related to the small TN/J ratio. At these low temperatures (compared to J), quantum
fluctuations are very strong in quasi one-dimensional spin-systems, reducing the size of
the antiferromagnetically ordered moment and accordingly the size of the specific heat
anomaly. Measurements under magnetic field showed a broadening of this anomaly with
a possible small shift towards lower temperatures in fields of a few Tesla.
The measurements carried out in single crystals did not add new information. These
measurements agree perfectly with the behaviour observed for the polycrystalline samples
that show the highest TN . This is expected since the TN of single crystals were extremely
close to the highest value observed in the polycrystals. Therefore the single crystal re-
sults are not shown here. We had not enough time for performing a detailed study of
the dependence of the specific heat upon orientation of the single crystal in an external
magnetic field.
A correlation between a larger TN and a larger inter-chain coupling can also be deduced
from the specific heat. The specific heat at low temperatures of the three samples whose
susceptibility were shown in fig. 7.5 are plotted as Cp/T versus T 2 in figure 7.12. The
magnitude of the linear term related to the one-dimensional spin-fluctuations is almost the
same in all samples, in accordance with the sample independent J1-value extracted from
the analysis of χ(T) (Table 7.1). This indicates that the intra-chain magnetic exchange
is not affected by the annealing processes. However, the temperature range where one
can observe this linear term extends to lower temperatures with decreasing TN . This also
shows that the spin-fluctuations remains one-dimensional down to lower temperatures, i.e
that the inter-chain exchange is decreasing, in accordance with the decrease of TN . The
absence of an upturn of Cp(T) at low temperatures is an indication for the absence of
paramagnetic defects. One expect that a residual magnetic coupling of the defects to the
lattice should slightly lift the degeneracy of the magnetic state of the defect and thus lead
to a Shottky-like increase of Cp(T) towards low temperatures.
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Figure 7.12: Dependence of the Cp(T) of a polycrystalline sample after successive heat
treatments. This measurements were performed in the same sample whose χ(T) was shown in
figure 7.5. The arrows indicate TN .
7.2 Substitution V5+ for P5+ in Sr2V3O9: Sr2VO(PO4)2
7.2.1 Introduction
If we consider that P5+ is always tetrahedrally coordinated by oxygen ions in an almost
identical way as V5+ in Sr2V3O9, then one can wonder whether the chemical substitution
of V5+ for P5+ give rise to the same structure or not. If the structure is kept essentially
unchanged then this new compound would represent an excellent test for comparing how
the magnetic interactions through A+5O4 groups are affected by the nature of the A+5
cation. Indeed, Sr2V3O9 and Sr2VO(PO4)2 are perfectly isostructural, but our prelimi-
nary magnetic measurements showed that the magnetic properties of these compounds
are markedly different. Thus, we decided to briefly study the magnetic properties of
Sr2VO(PO4)2 in order to compare them with the Sr2V3O9 ones trying to elucidate the
role played by the tetrahedra groups in the magnetic superexchange in these materials.
This structural similitude between these compounds is not very common among the
vanadyl vanadates/phosphates. We are not aware of another example of other low-
dimensional V4+ compounds, whose magnetic moments are linked only through AO4
groups with the same structure when A = V5+ or P5+.
186
7.2 Substitution V5+ for P5+ in Sr2V3O9: Sr2VO(PO4)2
7.2.2 Structure and synthesis
7.2.2.1 Structure
As we mentioned above, Sr2VO(PO4)2 is completely isostructural to Sr2V3O9. The
lattice parameters are the following (Space Group I2/a)[250], a= 6.744 Å, b= 15.866 Å,
c= 7.032 Å and β = 115.41◦. With these parameters, the unit cell volume is 679.6 Å3 being
smaller than in Sr2V3O9, all the cell parameters being smaller. In table 7.3 the interatomic
distances V–O and P–O in Sr2V3O9 and Sr2VO(PO4)2 are compared. We can see that the
P–O distances in the tetrahedra are smaller than the corresponding V+5–O ones. At the
same time, the distances inside the vanadium octahedra are slightly larger in the case of
the equatorial oxygen but slightly shorter for the trans O1 in Sr2VO(PO4)2. The vanadyl
bond length remained the same with the consequence that now the V4+ displacement out
from the octahedra center is slightly smaller being 0.22 Å.
Sr2VO(VO4)2 Sr2VO(PO4)2
V1-O2: 1.691 P1-O2: 1.5439
V1-O3: 1.727 P1-O3: 1.5744
V2-O4: 1.661 P2-O4: 1.5189
V2-O5: 1.757 P2-O5: 1.5743
V3-O1: 1.655 V-O1: 1.6594
V3-O5: 1.967 V-O5: 1.9787
V3-O5: 1.994 V-O5: 2.0016
V3-O3: 2.011 V-O3: 2.0146
V3-O3: 1.974 V-O3: 2.0243
V3-O1: 2.174 V-O1: 2.099
Table 7.3: Comparison between the main interatomic distances in Sr2V3O9 and
Sr2VO(PO4)2.
7.2.2.2 Synthesis
For synthesizing Sr2VO(PO4)2 we followed a similar solid-state reaction method as that
used for Sr2V3O9. A stoichiometric mixture of Sr2P2O7 and VO2 was pressed into pellets
and heated at 950 ◦C for 24h in dynamic high-vacuum using platinum crucibles. Sr2P2O7
was obtained after heating in air an stoichiometric mixture of SrCO3 and (NH4)H2PO4
(ammonium phosphate) for 24h at about 800 ◦C. In order to ensure the quality of this
precursor, the product of the first reaction was intimately ground and heated again at
850 ◦C for 24h. In this case the reagents were not pressed into pellets since the decom-
position of (NH4)H2PO4 in H2O, NH3 and P2O5 at relatively low temperatures and the
decomposition of SrCO3 into CO2 and SrO at higher temperatures would destroy the
pellets in any case.
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The phase composition of the Sr2VO(PO4)2 samples as well as of the precursor Sr2P2O7
were checked by means of powder X-ray diffraction. In Sr2P2O7 no other peaks were
observed while in the Sr2VO(PO4)2 samples there were only minor (unidentified) peaks
whose size depended on the heat treatment of the samples.
Polycrystalline Sr2VO(PO4)2 samples are of a dark green color which is quite usual
for vanadium phosphates.
7.2.3 Magnetic susceptibility results
We measured the magnetic susceptibility of our polycrystalline Sr2VO(PO4)2 samples
using the same method and equipment as for Sr2V3O9. Since our attempts for synthe-
sizing large single crystals were unsuccessful we have to restrict our present analysis to
polycrystalline data only. In figure 7.13 the χ(T) of Sr2VO(PO4)2 at three applied fields
is shown. As is evident, it differs markedly from the magnetic behaviour observed in
Sr2V3O9 (fig. 7.4).
Figure 7.13: χ(T) of a polycrystalline Sr2VO(PO4)2 sample which was subjected to three
consecutive annealing processes. χ(T) was measured at three fields 1000G, 1T and 5T. Inset:
Enlargement of the low temperature region.
The χ(T) of Sr2VO(PO4)2 follows a Curie-Weiss law at high temperatures down to
about 30 to 20 K where χ(T) departs from this behaviour and describes a round maximum
at TχMax = 4.79 K. Below this temperature χ(T) decreases down to TN = 2.63 K where an
anomaly, in the form of a kink in χ(T), denotes that a phase transition takes place. Below
TN , χ(T) monotonously decreases at low applied fields (below 1 T) or keeps roughly the
value it has at TN for 1 T. The lack of any upturn below TN rules out the existence of
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paramagnetic impurities in the measured samples. We observed that an applied field of
5 T clearly changes χ(T) by shifting the maximum to lower temperatures and suppressing
any anomaly at TN . This is reasonable considering the rather weak magnetic interactions
evidenced by the low TχMax.
Unfortunately, in the case of this compound we could not completely reproduce the
magnetic behaviour from sample to sample or after heat treatments. The main features,
TχMax and TN , remained essentially unchanged but the magnitude of χ(T) differs from
sample to sample. In figure 7.14 we show χ(T) of a sample that was subjected to successive
heat treatments. These annealing steps were done in similar conditions except for the
temperature, which was increased up to 1000 ◦C (from 900 ◦C) for the last (3rd) annealing.
Figure 7.14: χ(T) of a polycrystalline Sr2VO(PO4)2 sample which was subjected to three
consecutive annealing processes. χ(T) was measured at 1000G. Inset: 1/χ(T) vs. T plots. The
step in the as-grown sample denotes the presence of VO2, indicating that the reaction was not
complete at this stage of the synthesis.
In the inset of this figure (7.14) we plot 1/χ(T) of the susceptibilities shown in the
main plot. All of them show a well defined straight behaviour indicating a Curie-Weiss
dependence down to about 20 K. The visible step at about 350 K present in the as-grown
sample is due to the presence of the precursor VO2, indicating that the reaction was
not complete after the first synthesis step. After only one annealing a clean Curie-Weiss
behaviour was obtained. Comparing these 1/χ plots we conclude that the main change
from sample to sample is the slope of the curve suggesting that the effective moment
is changing. We performed linear fits to these curves in the high temperature range as
well as direct CW fits to the χ(T) (in order to determine the constant term χvv). The
results of fitting the χ(T) shown in fig. 7.14 with the Curie-Weiss model (eq. 7.3) plus a
temperature-independent Van-Vleck contribution χvv are presented in table 7.4.
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As-grown 1Ann 2Ann 3Ann
χvv[10−5emu/mol] -5 -5 -7 -10
µeff [µB] 1.52 1.77 1.84 1.90
θW [K] -0.3 -0.2 -0.7 -0.2
Table 7.4: Results of fitting the χ(T) of a Sr2VO(PO4)2 sample after successive heat
treatments.
These results show that the main effect of the high-temperature high-vacuum heat
treatments is to increase the effective moment of the sample, suggesting that some V4+
went to a V+3 oxidation state due to the reducing process conditions. This occurs in-
side Sr2VO(PO4)2 since the susceptibility as a whole increased in magnitude without
changes neither in the temperature of the maximum nor in TN . Thus the main exchange
interactions are not appreciably affected by the successive annealings. It is remarkable
that the value obtained for θW is practically zero. This small value is unexpected since
the well defined maximum in χ(T) undoubtedly indicates that sizeable low-dimensional
antiferromagnetic interactions are present in this compound.
We attempted to determine which is the dimensionality of the magnetic lattice by fit-
ting these data with the model for the one dimensional chain used for Sr2V3O9 (eq. 7.2).
The result of such attempt is shown in figure 7.15 for the case of the sample annealed
three times. Surprisingly, we found that the adjustment of a 1D chain model to the data
is rather poor. It is clear that the round maximum in χ(T) of Sr2VO(PO4)2 is sharper
than the prediction for an antiferromagnetic 1D chain and the model cannot adjust the
data. Moreover, the overall magnetic behaviour of Sr2VO(PO4)2 closely resembles that
observed in the compounds we present in chapter 6 (Quasi-two-dimensional and frustrated
compounds). We thus tested a two-dimensional model fitting the high temperature part
with the high-temperature series expansion for a general frustrated square lattice anti-
ferromagnet, the J1 − J2 model[249, 313]. In the particular case of vanishing J2 a pure
square-lattice is modeled. We were quite surprised when we found that the data were very
well fitted with this model down to T = 7 K. The values we obtained are the following:
χvv = -1×10−4 emu/mol, µeff = 1.92 µB, J1 = 3.5 K and J2 = -3.7 K. This high-temperature
series normally allow to fit the data equally well with two possible solutions in which J1
and J2 are swapped. For this reason, we tried out also the other solution with the values
of the exchange constants interchanged. We found that there were only minor differences
in the values of χvv and µeff but that now J1 = -4.4 K and J2 = 4.6 K. In accordance with
the θW values found previously, the sum J1 + J2 is close to zero. These solutions suggest
that there might be more than one interaction present in this lattice, which might have
different signs and thus give rise to an extremely small value of θW .
In spite of the excellent fit to the data of this series expansion, a two dimensional square
lattice with an interaction running along the diagonal with the same strength (in mod-
ule) as the interaction in the sides is quite difficult to justify in base of the Sr2VO(PO4)2
structure. No clear pathways for such diagonal interactions are identifiable in this ma-
terial. Nevertheless, these results indicates that the magnetic structure in Sr2VO(PO4)2
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Figure 7.15: χ(T) of polycrystalline Sr2VO(PO4)2 at 1000G with attempts of fitting with a
one-dimensional chain model (dashed line) or a high-temperature series expansion for the
two-dimensional J1 − J2 model.
is much more two-dimensional in nature than in Sr2V3O9, with a complicated interplay
of antiferromagnetic interactions superposed with ferromagnetic ones of similar strength.
The most probable magnetic lattice deduced from these results and from the structure of
this compound would be that formed by one-dimensional chains with intra-chain antifer-
romagnetic interaction J1 but strongly linked by an inter-chain ferromagnetic interaction
J2, forming two-dimensional magnetic layers which interacts through a much weaker J⊥.
In this lattice |J1|& |J2|≫ |J⊥|. It should be noted that the decrease of χ(T) below the
transition temperature indicates that the ordered state is essentially antiferromagnetic.
The pronounced two-dimensional character of the magnetic lattice in Sr2VO(PO4)2 will
be confirmed by the magnetic specific heat measurements that we shall present in the
next section.
In comparison with Sr2V3O9 it is evident that the magnetic interactions are much
weaker in the phosphate compound. The observed χ(T) changes reveals the profound
influence that the cation sitting in the bridging tetrahedra has for the magnetic exchange
between V4+ cations. The lack of any trace of Curie-Weiss like contribution to the domi-
nant low dimensional magnetic susceptibility is worth to be noticed. This point is relevant
because the basic geometry of the exchange pathways is essentially the same in both com-
pounds. Therefore, from structural grounds, one can expect that Dzialoshinskii-Moriya
interactions of similar characteristics as that observed in Sr2V3O9 should also be present
in Sr2VO(PO4)2. In that case, the magnitude of such DM interactions would be much
smaller than in Sr2V3O9 because they are approximately proportional to the main interac-
tion as |D| ∼∆g/g J ∼ 0.03·5 K = 0.15 K, more than one order of magnitude weaker than
in Sr2V3O9. In this estimation we assumed similar spin-orbit coupling effects in V4+ since
the coordination polyhedra are extremely similar in both Sr2V3O9 and in Sr2VO(PO4)2.
191
7 Quasi-one-dimensional compounds
Thus the value of ∆g/g experimentally measured in Sr2V3O9 would be a good approxi-
mation to the one in the phosphate. But even this small DM interaction would be able
to generate a staggered susceptibility which will show its characteristic T−1 upturn above
TN as in Sr2V3O9, although much weaker. Nothing like that was observed indicating that
the replacement of V5+ for P5+ affects in an unexpected way the magnetic interactions
in this system possibly reducing to zero the DM interaction. From our polycrystalline
data we cannot explore this point since information about the anisotropy of the magnetic
susceptibility as well as single crystal ESR data are necessary. Therefore, large enough
single crystals should be synthesized and its magnetic properties thoroughly studied for
bringing light to this intriguing point.
7.2.4 Specific heat results
The specific heat of polycrystalline Sr2VO(PO4)2 was measured using synthered pellets
in order to allow for a correct thermal contact among particles. We followed exactly the
same procedure used for measuring the Sr2V3O9 samples. The temperature range was
also similar since we measured from 200 K down to 0.4 K, but only at zero applied field.
In figure 7.16 we present the measured specific heat Cp(T) for temperatures below
20 K, where the magnetic specific heat is dominant. The Sr2VO(PO4)2 specific heat
could be deconvoluted in two well defined components, the phonons specific heat and
the magnetic specific heat arising from the magnetic interactions among the V+4, S = 1/2
moments. This magnetic specific heat increases when lowering the temperature down to
TCpMax = 3.44 K at which it describes a well defined round maximum. Below this temper-
ature it decreases until at TN = 2.63 K a peak-like anomaly indicates that a second order
magnetic phase transition takes place. This peak coincides with the kink observed in χ(T)
and therefor we consider that these features correspond to the same transition. Below TN
it decreases very fast towards zero.
Since the magnetic specific heat is dominant only at low temperatures we attempted
to determine the phononic contribution by a Debye-model fit in the higher temperature
range. For this step we followed the procedure we use in the case of the quasi-two-
dimensional compounds described in chapter 6. In this method one fits the high tem-
perature part of the measured Cp(T) using the full Debye model but with several Debye
temperatures in order to take into account the different masses of the ions and the complex
structure of this material. The fit was performed between 12 and 200 K using eq. 6.22.
It was also necessary to include a term of the A/T 2 form in order to take into account
the high temperature part of the magnetic specific heat which can be satisfactorily ap-
proximated by such a simple T−2 term. This improve the determination of the phononic
specific heat between 12 K and 30–40 K, which in turn allows a better determination of the
magnetic specific heat, our target. It can be seen in figure 7.16 that, indeed, the magnetic
specific heat (CMagnp (T)) was satisfactorily obtained since a smooth and bump-free curve
was the resultant of subtracting the calculated phonons specific heat (CPhonp (T)) from the
measured Cp(T).
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Figure 7.16: Cp(T) of polycrystalline Sr2VO(PO4)2 in zero applied field. The continuous line
is the estimated magnetic specific heat while the dashed one is the contribution arising from
the phonons.
7.2.4.1 Analysis of CMagnp (T)
From our Cp(T) fit we obtained an estimation of the magnitude of the high tempera-
ture part of CMagnp (T) through the term A/T
2. We got the value A= 102.4 JK/mol. This
A parameter is directly proportional to the exchange constants in a two dimensional lat-
tice. In the case of a frustrated square lattice (J1 − J2 model) one has A= 3.117948(J21 +
J22 ) J/molK[249, 313] which reduces to A= 3.117948J
2
2D J/molK in the case of an un-
frustrated square lattice antiferromagnet. From TCpMax it is possible to get an estima-
tion of the exchange constant since, in the case of a square lattice, it was found that
TCpMax ∼ 0.6 J2D[236, 238–242]. From our measured T
Cp
Max we obtained J2D ∼ 5.73 K if we
tentatively assume that the magnetic lattice of Sr2VO(PO4)2 is an unfrustrated square
lattice antiferromagnet. This value of J2D corresponds to A∼ 102.4 JK/mol, amazingly
identical to the experimental result. If J2D is estimated from the maximum in χ(T), using
TχMax ∼ 0.94 J2D and TχMax = 4.79 K one obtains J2D ∼ 5.1 K and thus A∼ 81.1 JK/mol, a
value 20% lower than the experimental one.
On the other hand, if we tentatively turn to the possibility of having some kind of
frustrated square lattice system and we take the values obtained for J1 and J2 from the
fits to χ(T) with the high temperature series expansions[249], we find that the agreement
between predicted A and experimental value is not so good. For J1 = 3.5 K and J2 = -3.7 K
one obtain A∼ 81 JK/mol while for J1 = -4.4 K and J2 = 4.6 K, A∼ 126 JK/mol. These
values differs by about 20% from the experimental one.
We further noticed that the magnitude of CMagnp (T) at the maximum is smaller than
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what is expected for a S = 1/2 square lattice. The exact theoretical value is still a matter
of discussion but it should be around 3.7 J/molK (CMagnp (T
Cp
Max)/R = 0.445). In the present
case we observe a value of 3.34 J/molK which is 10% lower than the prediction for a square
lattice. This lack of measured magnetic specific heat is similar to what we observed in the
quasi-two-dimensional compounds analyzed in chapter 6. In those cases this deficiency was
explained as being possibly be due to an imperfect thermal conduction or to the presence
of minor amounts of impurities inside the polycrystalline pellets used as samples. Since
we used the same experimental method for Sr2VO(PO4)2 and since the samples have
similar characteristics, then it is possible that the same problem may have occurred for
Sr2VO(PO4)2. This deficiency in CMagnp was confirmed when the magnetic entropy was
calculated from the Sr2VO(PO4)2 data. We obtained a value smaller than Rln(2) by
about 12%. From these considerations we conclude that better samples or single crystals
are required before a deeper analysis of the magnetic specific heat of Sr2VO(PO4)2 can
be carried out.
At TN there is a well defined peak-like anomaly which indicates that a second order
magnetic phase transition takes place. The separation between the temperature at which
the maximum in CMagnp occurs and TN indicates that the magnetic lattice is anisotropic.
It means that at least the magnetic interaction along one of the spatial directions is much
smaller than along the others. The existence of this bump above TN in the CMagnp is
due to the short range correlations which extend in a large temperature region above the
actual transition.
From these results we can conclude that the magnetic specific heat of Sr2VO(PO4)2
closely behaves as generated by a two-dimensional square lattice antiferromagnet. This
is in agreement with the χ(T) results which show that it better follows the behaviour
proper of a two-dimensional lattice than that of a one-dimensional chain[235]. This rep-
resent another important difference with the magnetic behaviour of Sr2V3O9 which was
satisfactorily explained as being formed by one-dimensional magnetic chains, running
perpendicular to the structural ones, through V5+O4 groups.
7.3 Ba2V3O9
7.3.1 Structure and synthesis
The chemical substitution of Sr2+ for the larger Ba2+ ion in the general formula
A+22 VO(VO4)2 gave as result the compound Ba2V3O9, which is not isostructural with
Sr2V3O9 (figures 7.17 and 7.18).
This compound was first synthesized by Bouloux et al.[324] together with Sr2V3O9
and, like in that case, only the unit cell dimensions and the probable space group of the
structure were reported. The Ba2V3O9 structure was finally published many years later by
two independent groups who also studied Sr2V3O9, Feldmann and Müller-Buschbaum[387]
and Dhaussy et al.[320]. These authors agree in every aspect of the Ba2V3O9 structure,
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Figure 7.17: Structure of Ba2V3O9 viewed along the b̂ (a) and â (b) axis. The V34+O6
octahedra are shown of a dark-grey color whereas the V15+O4 and V15+O4 tetrahedra are
light-grey. The Ba ions are shown as white spheres.
except in the chain-to-chain ordering of the vanadyl bonds. This discrepancy results in
the assignment of two different (but close) space groups to this structure. While Feldmann
refined the experimental data in the monoclinic P21 space group, Dhaussy et al. claimed
that the structure is more symmetric, with space group P21/m. The structural axis in
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these two space groups are parallel but Dhaussy et al. interchanged the â and ĉ axis with
respect to Feldmann. In the space group P21/m, which we shall use from now on, the
Ba2V3O9 lattice constants are a= 9.302 Å, b= 5.969 Å, c= 8.118 Å and β = 113.96◦ with
Z = 2. The unit cell volume is 411.893 Å3, appreciably larger than 367.85 Å3, the halve of
the Sr2V3O9 one (since Z = 4 in the Sr compound). This enlargement of the volume cell is
a direct consequence of the larger Ba2+ ionic radius which clearly destabilize the Sr2V3O9
structure and forms a completely new one.
Figure 7.18: Detailed view of a segment of the octahedra chain in Ba2V3O9. The V–O
distances are expressed in Å.
The Ba2V3O9 structure is formed by infinite chains of edge-sharing vanadium (V3)
octahedra parallel to b̂ (rutile-type chains). As in Sr2V3O9, there are two other vanadium
sites which are tetrahedrally coordinated (V1 and V2) and also share corners with the
V3 octahedra. The octahedral and tetrahedral coordinations are typical for V4+ and V5+
respectively. Therefore in Ba2V3O9 there is also no charge degrees of freedom since the
different valence states are distributed in an ordered way determined by the structure as
in Sr2V3O9. The octahedra (plus tetrahedra) chains are not directly linked and the space
between them is occupied by Ba2+ cations.
In this case, the V1 tetrahedra share two corners with the octahedra bridging two
adjacent octahedrons on the chain through their apical oxygens (O2) while the other
tetrahedra (V2), shares only one corner with the VO6 octahedra, the O7 involved in the
edge-linkage among octahedra. The distinction between the O6 and O7 sites comes from
the fact that the V3 cation is displaced out of the center of the octahedron towards one
of the O6 oxygen anions in the edge shared with the adjacent octahedra (see fig. 7.18) by
about 0.266 Å[320]. This short bond length of 1.686 Å is typical of a vanadyl double bond
characteristic of the V4+ cation. The other V3-O6 bond trans to the vanadyl one is 2.24 Å
long while the V3-O7 distances are about 2 Å, similar to the distance between V3 and the
apical oxygen (V3-O2). This V3 displacement needs to be cooperative intrachain in order
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to avoid the unlikely configuration V3=O6=V3. Therefore all the V3 in a given chain
should be displaced in the same sense, as is drawn in figure 7.18. The result is that the
O6=V3-O6 bonds, running on the diagonal of an octahedron, are arranged in a zig-zag
manner along chains, sustaining an angle of 49.5◦ with respect to b̂ (therefore, the angle
V3=O6-V3 is about 99◦). For this reason, the successive planes of occupied dxy-orbitals
(perpendicular to the vanadyl bonds) are also arranged in a zig-zag manner along the
structural chain direction. For neighboring occupied d-orbitals the common edge O7-ion
may provide a short superexchange path via the p orbital lying parallel to the â axis
(through a π bond). This would lead to a significant magnetic exchange along the chains
as has been theoretically estimated by Schmidt et al.[183]. The inter-chain interactions
are expected to be comparatively weaker since they run over quite long paths and very
weak linkages across Ba ions. Therefore, it is reasonable to expect mostly one-dimensional
magnetic properties from these preliminary structural considerations.
We stated that the V3 displacement inside a chain should be correlated, with all the
V3 shifted in the same direction. However, the relative orientation from chain to chain is
not clear because there is little connection among them. If all the vanadyl bond points
towards the same direction, in all the chains, then the space group is that proposed by
Feldmann[325], P21. But, in the absence of ordering between chains then, the macroscopic
structure would looks as if the V3 are statistically placed (with 50% occupancy) on each
side of the center being shifted towards the O6 anions. In this case, the space group would
be the more symmetric P21/m proposed by Dhaussy et al.[320]. These authors claim that
they considered both possibilities but that this solution, without inter-chain order of the
vanadyl bonds, is which best fit to their experimental data. Since the direction in which
the vanadyl bonds of a given chain are oriented has absolutely no effect on the rest of
the chain structure, one might expect that the two possible orientations are energetically
completely degenerated due to the weak connection between chains. Then, there would
be little chance to get all the chains long-range ordered with their vanadyl bonds pointing
in the same direction, and the structure would be better described by the P21/m space
group. For this reason we shall use this structural description along the rest of this work.
If we compare the structure of Ba2V3O9 with that of Sr2V3O9 we can recognize that
the larger, and more physically relevant differences among these compounds lie in the
different connection among octahedra (in the chain) and in the lack of a direct linkage be-
tween chains in Ba2V3O9. This give rise to a more one-dimensional structure in Ba2V3O9
compared to the Sr2V3O9 one which is layered and thus more two-dimensional. Therefore,
a priori one can expect that the magnetic properties of Ba2V3O9 would be closer to that
predicted for a system composed of decoupled one-dimensional chains.
7.3.1.1 Synthesis of polycrystalline samples
The synthesis procedure followed for Ba2V3O9 is essentially identical to that used for
Sr2V3O9. Ba2V3O9 was synthesized from a stoichiometric mixture of Ba2V2O7 and VO2
at 900 ◦C for 24h. In the samples used for the relevant measurements we pressed the
reagents mixture in pellets which were placed inside platinum crucibles and annealed in
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dynamical high-vacuum. The purity of the samples was characterized by the powder X-
ray diffraction technique. We observed no extra peaks corresponding to foreign phases
for the samples used in the physical measurements. The polycrystalline Ba2V3O9 samples
were found to be of a yellowish light-brown color.
The precursor Ba2V2O7 was obtained by heating a stoichiometric mixture of BaCO3
and V2O5 in air in two steps of 24h, at 850 and 900 ◦C respectively (with an intermediate
grinding process). The purity of the product was also checked by means of powder X-ray
diffraction. We found no peaks belonging to extra phases on the diffraction patterns of
the precursor samples.
Some samples of Ba2V3O9 were subjected to many annealing steps by repeating the
above described thermal treatment with a thorough intermediate grinding. In contrast
to the case of Sr2V3O9 or Sr2VO(PO4)2, these heat treatments had little influence on the
magnetic properties of the samples (we will discuss this point later).
7.3.2 Magnetic susceptibility results
The magnetic susceptibility of polycrystalline Ba2V3O9 samples was measured in a
commercial SQUID magnetometer following the same procedure used for the other com-
pounds. Figure 7.19 shows χ(T) of Ba2V3O9 measured between 2 and 400 K in applied
fields of 1000 G and 1 T. The inset on this figure is a plot of 1/χ(T) vs. T of the χ(T) data
at 1000 G.
The magnetic susceptibility of Ba2V3O9 follows a Curie-Weiss law at high temperatures
down to about 150 K. Below this temperature χ deviates from this behaviour reducing its
slope until a round bump is formed with a maximum at TχMax = 58 K. If the temperature
is further reduced, χ(T) decreases too, until at about 30 K it starts to increase again
following a behavior roughly proportional to T−1. No anomaly was found in χ down
to 2 K, the lowest temperature measured with this method, suggesting that no phase
transition takes place in Ba2V3O9 above 2 K.
Since the magnetic behaviour of Ba2V3O9 is, in general, notoriously similar to that
found in Sr2V3O9 above TN , we applied the same one-dimensional model plus an extra
Curie-Weiss contribution (eqs. 7.2 and 7.3) to the magnetic susceptibility of Ba2V3O9.
The result of fitting the data with this model was as excellent as in Sr2V3O9, indicating
that a one-dimensional chain is also a good model for the magnetic lattice of Ba2V3O9.
In fig. 7.19 the resulting fitting function is shown as a continuous line which matches
perfectly the experimental data. In that figure we also show the two components of the
model, the dashed line is the magnetic susceptibility from the one-dimensional-chains
while the dash-dot-dot line is the Curie-Weiss contribution. In the case of Ba2V3O9 we
obtained the following values for the fitting parameters: χvv = 9×10−5 emu/mol, J1 = 95 K,
µeff = 1.66 µB, µ′eff = 0.2 µB and θW = 0.8 K. These values indicate that in this case the
effective moment of the one-dimensional chains is lower than that expected for V4+,
1.73 µB and that the effective moment related to the Curie-like upturn is rather small,
being equivalent to the value observed in Sr2V3O9 samples with a TN of about 2 K. On
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Figure 7.19: Magnetic susceptibility of polycrystalline Ba2V3O9 at 1000G and 1T. The fit
procedure are described in the text. Inset: 1/χ(T) of Ba2V3O9 at 1000G together with a linear
Curie-Weiss fit (the constant susceptibility contribution was neglected).
the other hand, like in Sr2V3O9 the Curie-Weiss temperature of the upturn contribution
is very small, indicating that if this upturn is due to extra moments localized in the
material, then they are magnetically isolated or subjected to magnetic interactions of
different sign which cancel among them. The small value of χvv is similar to that found in
the other compounds studied in this work and typical for V4+ containing materials. The
exchange constant obtained from the one-dimensional model is even larger than that found
in Sr2V3O9. If we take this result together with the fact that no transition towards an
ordered state was observed, one may conclude that Ba2V3O9 is a better one-dimensional
material compared to Sr2V3O9.
We also performed a simple linear fit to the 1/χ(T) vs. T in order to determine the
overall magnetic behaviour at high temperatures. The resulting fitting function is plotted
as a continuous line in the inset of fig. 7.19. In this inset we also show the values θW = -84 K
and µeff = 1.8 µB, obtained from that fit. These values clearly show that strong magnetic
interactions of antiferromagnetic nature are present in this compound, in accordance with
the result of the fit with the spin-chain model. Curiously, in contrast to that result, the
overall magnetic moment of the sample, obtained from the Curie-Weiss fit, is slightly larger
than that expected for one V4+ per formula unit. Nevertheless, we observed that this
difference arise from the different fitting ranges since the Curie-Weiss one was performed
down to 150 K. This resulted in a better fitting of the data at high temperatures with a
small change in the constant contribution χvv from 9×10−5 to -5×10−5. For this reason
we performed a fit to the complete model for χ(T) = χvv + χCW (T) + χ1D(T) (eqs. 7.1,
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7.2 and 7.3) but in which we fixed the value of χvv to -5×10−5. The result was that
the Curie-Weiss contribution almost did not change (now µ′eff = 0.22 µB) while the most
affected parameter was µeff which now increased up to 1.76 µB and hence µalleff ∼ 1.77 µB,
close to the obtained from fitting with the Curie-Weiss model at high temperatures. We
also observed that J1 increased only slightly. However, this small discrepancy in µeff is
not critical and does not modify our interpretation of the measured data. This analysis
suggest that the difference in effective moment of the Ba2V3O9 samples with respect to
1.73 µB is not so important as in Sr2V3O9 indicating that these samples actually have
one V4+ ion per formula unit. We concluded that these small differences might be a
consequence of the measurement method or tiny amounts of impurities or defects.
7.3.2.1 Analysis of the low-temperature χ(T) upturn in Ba2V3O9
Because of the important influence of annealing processes in the magnetic properties
of Sr2V3O9 and of Sr2VO(PO4)2, we subjected our Ba2V3O9 samples to similar heat
treatments. The result of these annealing steps is that, differing from Sr2V3O9, there
were almost no changes in the magnetic properties of the Ba2V3O9 samples. Indeed,
we observed that the magnetic properties of Ba2V3O9 were quite stable among samples
synthesized under slightly different conditions.
This lack of sensitivity of χ(T) on high-vacuum annealings, specially the magnitude of
the low-temperature Curie-Weiss upturn, indicate that the mechanism that generates such
contribution to χ(T) in Ba2V3O9 may be different to that acting in Sr2V3O9. For instance,
in Ba2V3O9 there were no clear evidences of changes in the valence of the vanadium ions.
This can be explained by considering that in Ba2V3O9 there is no oxygen ion that can be
removed from the structure without structural distortions. All the oxygen ions are strongly
bounded to vanadium ions and the removal of one of them, even close to the melting point,
seems to be unlikely. A possible small deficiency (or even excess) of Ba in the samples
is possible a priori because this kind of defects can not be detected with conventional
X-ray diffraction measurements. The effects of these vacant (or interstitial) Ba ions on
the valence state of the V4+ would be permanent because high vacuum annealings would
be unable to remove them, specially in the case of Ba vacancies. This would explain the
lack of sensitivity of the samples to the heat treatments at which they were subjected.
Therefore, the existence of some kind of defects in the chains of Ba2V3O9, which can
produce isolated moments or sources of paramagnetic behaviour beside the dominant
proper of one-dimensional chains, can not be discarded a priori. Moreover, since Ba2V3O9
does not order down to 0.5 K (as evidenced in the specific heat measurements presented
below) we do not know the behaviour of the LT-CWU in the ordered state, which helped
to support that LT-CWU is intrinsic in Sr2V3O9. In summary, we can not distinguish a
priori whether the LT-CWU observed in Ba2V3O9 is intrinsic or not, but the fact that it
is present in all the samples we synthesized (which were grown in different conditions) and
that it possessed the same magnitude from sample to sample and after heat treatments,
suggest that it is intrinsic to Ba2V3O9.
Now in analogy to our study of the Sr2V3O9 we will consider the existence of DM
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interactions as a possible source of the LT-CWU. Since the midpoint between V4+ along
the chain is not an inversion center due to the correlated displacement of the V4+ out
of the octahedron center, a Dzyaloshinskii-Moriya[138, 328] interaction is not forbidden.
Schmidt et al.[183] have performed a theoretical estimation of the magnitude and proper-
ties of the D vector. They considered that the most suitable superexchange path between
neighboring V4+ ions is through the O7 pz orbital which is parallel to â, and thus closer
to the dxy orbitals containing the unpaired electron of the V4+ ions. These authors es-
timated that the D vector should be completely staggered and hence Di,i+1 = (-1)iD.
Because we do not had large enough Ba2V3O9 single crystals, it was not possible to per-
form ESR measurements as in the case of Sr2V3O9 and thus neither the components of
the D vector could be determined nor even the validity of the predicted D. Neverthe-
less, one can perform some estimations of the order of magnitude of this interaction and,
from this, of the expected staggered susceptibility (eq. 7.8), which (spatially averaged)
can be compared to the measured Curie-Weiss contribution to the χ(T) of polycrystalline
Ba2V3O9. Since the coordination polyhedra of V4+ in Ba2V3O9 is essentially the same as
in Sr2V3O9 we can assume that the value of ∆g/g is also similar. In this way one has that
|D| ∼ (∆g/g)J1 ∼ 0.03 95 K∼ 3 K. Therefore, the expected magnitude of |D| is essentially
the same as in Sr2V3O9, and hence also its effects in the magnetic properties. Thus the
magnitude of the staggered susceptibility would be equivalent to a Curie-Weiss contribu-
tion of magnitude µ′eff ∼ 0.04 µB. If we compare this value with the experimental one of
µ′eff ∼ 0.2 µB we get that the measured value is five times larger than the predicted from
the theory[183, 329, 336]. Then we conclude that the theoretical estimation of the effects
on the magnetic properties of Ba2V3O9 due to the expected DM interaction (from struc-
tural considerations) is not enough for completely explain the unusual LT-CWU observed
in the experimental χ(T) of Ba2V3O9. This disagreement between theory and experi-
ment is similar (but smaller by a factor two) than that observed in Sr2V3O9. Thus we
can speculate that this disagreement does not disprove the existence of DM interactions
in Ba2V3O9, since this theory also subestimate the staggered susceptibility in other com-
pounds in which the existence of DM interactions was clearly demonstrated (Cu-benzoate,
for instance). However, we can not discard now the concurrence of other factors in the
origin of this upturn as those proposed by Schmidt et al.[183]. These authors propose
that the Curie-Weiss term can be due to a segmentation of the spin chains caused by bro-
ken magnetic bonds which leads to uncompensated S = 1/2 spins on the segments with
odd number of spins. They calculated their effective moment and obtained that ∼ 1 %
of broken magnetic bonds would be sufficient to reproduce the experimental LT-CWU in
Ba2V3O9. Unfortunately, only with polycrystalline data at hand we can not go further in
our analysis of the magnetic susceptibility of Ba2V3O9. Clearly, measurements on single
crystals are necessary for attempting to elucidate the origin of the LT-CWU in Ba2V3O9
by studying the properties of the possible DM interactions (as was done in the case of
Sr2V3O9).
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7.3.3 Specific heat results
Following the same procedure as with the previous compounds, we also studied the
specific heat of polycrystalline samples of Ba2V3O9. These measurements confirmed most
of the main conclusions stated above and also extended the studied temperature range
down to 0.5 K.
Figure 7.20: Measured specific heat of polycrystalline Ba2V3O9 at zero field. Inset:
Enlargement of the low temperature region. The lines are linear fits.
The specific heat of Ba2V3O9 was measured under identical conditions as in polycrys-
talline Sr2V3O9 and Sr2VO(PO4)2, using the same equipment and experimental method.
In figure 7.20 we present the measured specific heat of Ba2V3O9 in a plot Cp(T)/T vs T2
for T < 10 K. Above this temperature the phononic specific heat is absolutely dominant
making this range of temperatures uninteresting in view of magnetic properties. In the
inset of this figure we enlarged the low temperature region (T < 2.8 K). This figure shows
that Cp/T vs. T2 follows a straight line in the range 2.5 < T < 6 K indicating that Cp(T)
is the sum of a linear and a cubic contribution. The cubic term corresponds to the ex-
pected contribution of the phonons, demonstrating that the leading term of the magnetic
contribution is linear in T as in Sr2V3O9. Therefore we followed the same procedure as
in the case of Sr2V3O9 and estimated the expected value for the linear term assuming a
one-dimensional S = 1/2 chain and using the value of J1 obtained from the χ(T) fit. The
expected γth value is then 0.059 J/molK2. A fit of the measured Cp(T) data in the range
5 < T2 < 42 K2 with C/T = γ + βT2 lead to γexp = 0.059 J/molK2, in perfect agreement
with the value expected from the result of χ(T). This is a very strong support for con-
sidering Ba2V3O9 as a good one-dimensional material. Moreover, the lack of any trace of
magnetic phase transition towards a long-range ordered state points that the interaction
between magnetic chains is extremely small, practically at the limit of ideal magnetically
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decoupled one-dimensional chains. If we take the lowest measured temperature of 0.5 K
as an upper limit for a possible phase transition and we use the model of Schulz[330]
(eq. 7.4) we can perform an upper estimation of an average J⊥. We obtained J⊥ < 0.15 K
representing an anisotropy between the intrachain and interchain interactions of the order
of J⊥/J1 < 1.6×10−3.
Below about 2 K the slope of the specific heat of Ba2V3O9 gradually increases when
lowering the temperature. The origin of this change of behaviour is not clear yet. It would
indicate a gradual crossover towards a larger dimensionality in the magnetic correlations,
but from our measurements we can not draw a definite conclusion.
7.4 General conclusions
In this chapter we studied the magnetic properties of three low-dimensional, S = 1/2,
vanadium compounds, namely Sr2V3O9, Sr2VO(PO4)2 and Ba2V3O9. The first two, de-
spite the substitution of V5+ for P5+, are isostructural while Ba2V3O9 has a completely
different structure. The most important similarity among these compounds is that all
of them share the same coordination of the V4+ ion which is strongly bounded with an
oxygen anion forming a vanadyl VO2+ ion. The coordination polyhedra is completed by
other five oxygen ions forming a distorted octahedron in which the V4+ is displaced out of
the octahedron center (by about 0.2–0.26 Å) towards the strongly bounded oxygen. Thus,
the on-site properties of V4+ are expected to be similar (as, for instance, the spin-orbit
coupling, the crystal field splitting, etc.). The differences in the magnetic properties will
arise from the way these V4+ octahedra are joined forming the magnetic lattice and in
the changes introduced in the superexchange path by the chemical substitutions. Our
investigation was focused not only in performing the first deep characterization of the
magnetic properties of these compounds but also in a comparative analysis of the effects
produced by their structural differences on the magnetic properties.
In the isostructural Sr2V3O9 and Sr2VO(PO4)2, the corner-linked octahedra form one
dimensional chains which are joined by V5+ tetrahedra, forming layers separated by Sr
ions. Instead, in Ba2V3O9 the octahedra are linked by edge forming isolated rutile-like
chains separated by Ba ions. Therefore, the Sr2V3O9 and Sr2VO(PO4)2 structures are
two-dimensional whereas the Ba2V3O9 one is clearly one-dimensional. In Sr2V3O9 and
Sr2VO(PO4)2 the vanadyl bonds are placed along the chain, all pointing in the same sense
in a given chain. Less clear is the relative ordering of the vanadyl bonds from chain to
chain, since there are two possibilities, either the vanadyl bonds are parallel (called F
for ferro-like) or point in opposite directions (AF or antiferro-like) between neighboring
octahedra chains. In the case of Ba2V3O9 the vanadyl bonds are formed with one specific
oxygen ion in the edge shared between neighboring octahedra along the chains, forming a
zig-zag arrangement. In a particular chain all the vanadyl bonds should also point in the
same direction. But, since there is little connection among chains, then little correlation
in the direction of the vanadyl bonds from chain to chain is expected.
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From the structure of these compounds, a sizeable superexchange interaction is ex-
pected along the chains in Ba2V3O9, while in the case of Sr2V3O9 and Sr2VO(PO4)2 the
interactions along the structural chains are expected to be weaker or vanishingly small in
comparison to the interactions along the tetrahedra joining the chains forming the lay-
ers. In this way, magnetic chains perpendicular to the structural ones would result. These
early predictions were confirmed by ab-initio LDA calculations for Sr2V3O9 and Ba2V3O9.
Thus Sr2V3O9 should present magnetic properties proper of a quasi-one-dimensional sys-
tem and Ba2V3O9 would be a good one-dimensional system as was indeed observed in
the experimental measurements. With respect to Sr2VO(PO4)2, we intuitively supposed
that the magnetic properties of this compound would be, in general, somehow similar to
those of Sr2V3O9, with perhaps a change in the magnitude of the main exchange inter-
actions as a consequence of replacing V5+ for P5+. Surprisingly, the magnetic behaviour
of Sr2VO(PO4)2 presented an unexpected two-dimensional behaviour with possible ferro-
magnetic interactions in the system, being thus quite different to Sr2V3O9.
Previous to our investigation on these compounds, little was known about the magnetic
properties of these three materials, only articles largely focused on the structural aspects
were available in the literature. In the case of Sr2V3O9 and Ba2V3O9 only polycrystalline
susceptibility measurements between room temperature and 6 K were reported. Since
in this temperature range the χ(T) of these compounds looks impressively similar these
authors concluded that essentially the same magnetic behaviour was common to both ma-
terials. Moreover, these authors confused the round maximum at about 50–60 K with the
signature of an antiferromagnetic transition and assumed that the low-temperature Curie-
Weiss like upturn was due to paramagnetic impurities. For Sr2VO(PO4)2 no magnetic
measurements at all were found in the literature.
We studied the magnetic properties of these compounds by χ(T) and Cp(T) mea-
surements on polycrystalls and, in the case of Sr2V3O9, measurements of these physical
properties and ESR were also performed on single crystals. From these measurements we
concluded that Ba2V3O9 closely approaches to an ideal one-dimensional chain magnetic
system (no evidences of interchain interactions) while Sr2V3O9 is a quasi-one-dimensional
material (small inter-chain interactions were identified) and Sr2VO(PO4)2 is closer to
a two-dimensional compound (intra-chain and inter-chain interactions were found to be
comparable). In the latter, beside the dominant intra-chain antiferromagnetic interac-
tions, close in magnitude inter-chain interactions of possible ferromagnetic type were
deduced from our measurements.
With respect to Sr2V3O9, our experimental results indicated that the previous interpre-
tation of the χ(T) data found in the literature was wrong and that the magnetic behaviour
largely agreed with that expected from the preliminary structural considerations and the
ab initio LDA calculations. We found that χ(T) of Sr2V3O9 can be extremely well fitted
with a model for one-dimensional chains plus an extra Curie-Weiss contribution. From
the 1D model we got an intrachain exchange interaction J1 = 82 K. Since the compound
orders antiferromagnetically at TN = 5.3 K we performed a rough estimation of an average
interaction perpendicular to the chains, J⊥, finding a value of about 1.9 K for these inter-
actions. With J⊥/J1 = 0.024, this material can be considered as a quasi-one-dimensional
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magnetic system. Nevertheless, this approximation of assuming that all the interactions
perpendicular to the chain are the same is rather poor considering the structure of the
material. The interaction across the Sr layer should be weaker than the interaction along
the structural chain. The LDA calculations indeed showed that the inter-chain interac-
tion in the layers might be of the order of 10 K while the interaction from layer to layer
may be much weaker, of the order of only 0.1 mK. This results confirms the identifiction
of Sr2V3O9 as a low dimensional material with the one-dimensional magnetic chains not
perfectly decoupled.
From the behaviour of χ(T) below TN in single crystalline Sr2V3O9 samples we con-
cluded that there is an uniaxial magnetic anisotropy with the easy axis parallel to [010].
Measuring M(H), with the field applied parallel to the easy-axis, we found an anomalous
broad Spin-Flop (SF) transition between 1 and 2 T at 2 K. The field of 1 T at which the
SF transition starts to develop in Sr2V3O9 is the same as the field at which the SF tran-
sition takes place in Pb2VO(PO4)2 at 2 K. In that compound it is sharp, as it is expected
for standard SF transitions. The broadening of this transition in Sr2V3O9 is likely to
be due to the effects of antisymmetric Dzyaloshinskii-Moriya interactions since a gradual
transition has been predicted time ago for uniaxial antiferromagnets in the presence of
DM interactions. We took this broadening as a further proof of the existence of DM
interactions in Sr2V3O9. The DM interactions are possible because of the low structural
symmetry at the midpoint between magnetic centers along the superexchange path, i.e.
along the magnetic chains across the V5+ tetrahedra. A prediction for the D vectors was
performed for both cases of vanadyl-bond ordering. Since the resulting D vectors are
different between the F (ferro-like) and the AF (antiferro-like) ordering of the vanadyl
bonds, experimental measurements were necessary for determining which case actually is
realized in this compound. The experimental information was given by single crystal ESR
measurements which showed that the ESR linewidth broadening is only compatible with a
D vector not perfectly staggered, as is the case of a F state. On the other hand, the layer
to layer ordering of the vanadyl bonds cannot be determined from these measurements
since it has little influence on the magnetic properties of Sr2V3O9. However, since in the
structural refinements both sides of the center of the octahedra are equally occupied at
a 50% of probability, then either disorder exist in the arrangement of the vanadyl bonds
from layer to layer or neighboring layers have their vanadyl bonds pointing in opposed
directions. At the time of writing this final part of this chapter we were informed of
recent structural results4 on Sr2V3O9 and Sr2VO(PO4)2. These results indicate that in
both Sr2V3O9 and Sr2VO(PO4)2 the intra-layer ordering of the vanadyl bonds is of the
F type, all pointing on the same direction with neighboring layers having their vanadyl
bonds in opposed directions. Thus, our ESR results are in completely agreement with
these very recent structural results and the deduced magnitude and direction of the D
vector is likely to be correct.
A distinctive, and puzzling, property of the χ(T) of Sr2V3O9 and Ba2V3O9 is the
existence of a paramagnetic-like contribution that we called Low-Temperature Curie-Weiss
Upturn (LT-CWU). In Sr2V3O9 it was clearly demonstrated from our experimental results
4R. V. Shpanchenko, to be published
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that this LT-CWU is not due to extra paramagnetic phases or paramagnetic defects in the
bulk material. The evidences are the behaviour of χ(T) below TN (in which no traces of
upturn were found), the anisotropy in χ(T) at low temperatures (but above TN) and the
direct connection between TN and the magnitude of the upturn with a remarkable linear
dependence of µ′eff (the effective moment of a tentative fit of the upturn with a normal
Curie-Weiss model) with TN . Both TN and µ′eff were varied by successively annealing
polycrystalline samples. The maximum TN observed was of 5.3 K. We measured at least
two different single crystals of Sr2V3O9 (from the same batch) and obtained that they
have slightly different TNs but both between 5 and 5.3 K. The fact that single crystals
have different TN indicates that the dependence on TN with the annealing is not an
exclusive consequence of the polycrystallinity of the samples but a result of changes in
the bulk during the thermal processes. Since the total effective moment of the samples
varied systematically towards larger values with further annealings at high temperature
and in dynamical vacuum we proposed that a weak charge doping phenomena takes place
by removal of oxygen.
We compared the magnitude of this LT-CWU in Sr2V3O9 with the staggered contribu-
tion χs(T) to the uniform susceptibility expected from the DM interaction which should
behave with the same T−1 temperature dependence. Unfortunately this estimation re-
sulted in a χs(T) much too weak (by about one order of magnitude in µ′eff ) compared to
the experimental upturn. However, the anisotropy of the upturn observed in the single
crystal χ(T) measurements qualitatively agree with the theoretical prediction. Since a
similar disagreement in the magnitude of χs(T) between theoretical prediction and experi-
ments was observed in Cu-benzoate (which is a good one-dimensional magnetic compound
with DM interactions) it is possible that the theory needs some development or that be-
sides the DM interaction other phenomena (perhaps even intimately associated with the
DM interactions) are present but have not been correctly taken into account. Therefore,
we consider that this disagreement does not directly disprove neither the existence of the
DM interaction nor the values for its magnitude deduced from the ESR measurements.
Instead, this problem makes clear that more theoretical work on the effects of DM inter-
actions on the magnetic properties of low-dimensional compounds are needed, specially
for the particular case of the vanadates for which the actual theories predict weaker DM
interactions than in the cuprates.
The Sr2V3O9 specific heat data showed an unambiguous one-dimensional magnetic
behaviour above TN in perfect quantitative agreement with that expected for a magnetic
chain with J1 ∼ 82 K, confirming the results from the χ(T) measurements. Moreover,
above TN the behaviour of the magnetic specific heat was the same for samples with
different transition temperatures indicating that J1 was not affected. It also indicates that
the spin-fluctuations remains one-dimensional down to lower temperatures and hence the
inter-chain interaction decreases when TN is reduced. On the other hand, no Shottky-like
anomalies at low temperatures were visible down to 0.5 K indicating that paramagnetic
impurities or isolated paramagnetic defects are unlikely in Sr2V3O9.
Ba2V3O9 is structurally different to Sr2V3O9 but its χ(T) is notoriously similar above
the TN of Sr2V3O9. Actually, the χ(T) of Ba2V3O9 was as well fitted with the same
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1D model plus Curie-Weiss contribution as in Sr2V3O9. From these fits, J1 ∼ 95 K (a bit
larger than in Sr2V3O9) was obtained. As interesting differences, we observed that the
magnitude of the LT-CWU was slightly smaller than in Sr2V3O9 and almost insensitive to
annealings and synthesis conditions being well reproduced from sample to sample. This
suggests that this upturn is intrinsic to Ba2V3O9 and not due to paramagnetic foreign
phases. Ba2V3O9 does not order down to 0.5 K indicating that the magnetic lattice of
this compound is largely one-dimensional, as it is expected from the structure. Now we
turn to the LT-CWU in Ba2V3O9. Since we possessed only polycrystalline data we could
not perform an investigation as deep as in Sr2V3O9. However, the characteristics of the
possible DM interaction was estimated from a purely structural analysis and the resulting
averaged staggered contribution to the susceptibility compared with the magnitude of
the LT-CWU in the polycrystalline χ(T) of Ba2V3O9. This estimation lead to a |D|
close to that in Sr2V3O9 but with all its components staggered. The resulting χs was
found to be about one order of magnitude smaller than the magnitude of the upturn
(as in Sr2V3O9). Therefore the same disagreement found in Sr2V3O9 was reproduced in
Ba2V3O9, pointing to a problem in the theory itself (as discussed above) or to other source
for this paramagnetic component which has not be taken into account up to now, which
can be even similar in both compounds.
The specific heat measurements performed in polycrystalline Ba2V3O9 samples show
that the magnetic specific heat of this material is in perfect agreement with the interpre-
tation of the susceptibility results, both qualitatively and quantitatively. This confirms
the one-dimensional characteristics of the magnetic lattice and the value obtained for J1
from the fits to χ(T). As in Sr2V3O9 no Shottky-anomaly was identifiable down to 0.5 K
implying that the presence of paramagnetic impurities or isolated paramagnetic centers
are unlikely to be present in Ba2V3O9. Therefore, this results also suggest that the source
of the LT-CWU is intrinsic to Ba2V3O9. The lack of any anomaly confirms the absence
of any magnetic phase transition down to 0.5 K.
Now we turn to our conclusions about the magnetic properties observed in Sr2VO(PO4)2.
Since the structure of this compound is identical to the Sr2V3O9 one, then one can expect
that the eventual differences on the magnetic properties between these two materials will
arise from the substitution of V5+ for P5+ in the tetrahedra which joins the structural
octahedra chains. With this substitution the path for the main superexchange interaction
between V4+ centers is affected. Our χ(T) measurements indicated that the magnetic
lattice is no longer one-dimensional but closer to two-dimensional, implying that intra-
chain and interchain interactions are now of comparable magnitude. We observed a round
maximum at about 4.8 K in χ(T), a much lower temperature than in Sr2V3O9, implying
that the main interaction energy is appreciably smaller in Sr2VO(PO4)2 as compared to
J1 in Sr2V3O9. Since θW of a Curie-Weiss fit at high temperatures was almost zero it was
deduced that the interchain interactions may be ferromagnetic in Sr2VO(PO4)2. This was
confirmed when we tentatively fitted our χ(T) data with the HTSE approximation of a
two-dimensional J1 − J2 model (which we employed when studying Pb2VO(PO4)2 and
related compounds). These preliminary results agreed with the need of considering one
of the interactions to be ferromagnetic and the other antiferromagnetic and gave a value
between 3 and 4 K for these interactions. Since in the structure it is hard to identify
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a frustrated two-dimensional square lattice we took these results as a general indication
about the kind of magnetic interactions in this compound and by no means as a defini-
tive conclusion. We consider, from a closer view to the structure of Sr2VO(PO4)2, that
the magnetic lattice may be composed of a main antiferromagnetic interaction, possibly
along the magnetic chain, and a ferromagnetic interchain interaction along the structural
octahedra chain. Clearly, from our data obtained from polycrystalline samples we can not
give a definitive support to this intuitive prediction and further research based on single
crystal data are necessary.
It was also found that Sr2VO(PO4)2 orders antiferromagnetically at TN = 2.63 K with
a temperature and field dependency of χ(T) below TN notoriously close to that observed
in Pb2VO(PO4)2, a compound possessing an uniaxial anisotropy and a Spin-Flop tran-
sition at about 1 T. Therefore it is reasonable to expect a similar kind of anisotropy in
Sr2VO(PO4)2 with a SF transition at similar fields.
Sr2VO(PO4)2 was also characterized by a total lack of extra paramagnetic contribution
in χ(T). This represents a major, unexpected, difference with respect to Sr2V3O9 since
from a structural point of view a DM interaction is as possible in Sr2VO(PO4)2 as it is
in Sr2V3O9. This is reasonable if one considers that the interactions in Sr2VO(PO4)2
are smaller by more than one order of magnitude than J1 in Sr2V3O9 and that |D| is
proportional to J (eq. 7.6). But even such small DM interaction would be able to
generate a staggered susceptibility which will show its characteristic T−1 upturn above
TN as in Sr2V3O9, although much weaker. Nothing like that was observed indicating that
the replacement of V5+ for P5+ affects in an unexpected way the magnetic interactions in
this system possibly reducing to zero the DM interaction.
The specific heat measurements showed that the CMagnp (T) of Sr2VO(PO4)2 agrees
very well with the interpretation of the χ(T) results. At TN a well defined anomaly
confirms that at this temperature a second order phase transition takes place. We observed
that the general behaviour of the specific heat of Sr2VO(PO4)2, as well as the χ(T), are
curiously similar to that found in the vanadium phosphates studied in chapter 6. This
may be due to the fact that in Sr2VO(PO4)2 the linkage through the tetrahedra along
the magnetic chain is structurally rather similar to the linkage between pyramids in the
same sublattice in Pb2VO(PO4)2 and in the other related phosphates leading to similar
interaction strengths. In contrast, it is unexpected that the chemical substitution in the
V2 position in the tetrahedra joining neighboring octahedra in a structural chain leads to
a change in the sign of the interchange interaction. We consider that this point is worth of
further studies in order to elucidate the magneto-structural correlations in these materials
and the relevance of intermediary groups (like these V5+O4 and P5+O4 tetrahedra) in the
superexchange interaction between magnetic ions.
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In this dissertation we reported our experimental investigation of the magnetic prop-
erties of nine low-dimensional vanadium compounds. Two of these materials are com-
pletely new (Pb2V5O12 and Pb2VO(PO4)2) and were found during our search for new
low-dimensional vanadium oxides. Among the other seven vanadium compounds studied,
three were physically investigated for the first time (Sr2VO(PO4)2, BaZnVO(PO4)2and
SrZnVO(PO4)2). Two had hitherto only preliminary, and wrongly interpreted, χ(T) mea-
surements reported in the literature (Sr2V3O9 and Ba2V3O9) while the remaining two
(Li2VOSiO4 and Li2VOGeO4) were previously investigated in some detail but the inter-
pretation of the data was controversial. These compounds were studied in three separated
groups according to their structural and magnetic properties.
Pb2V5O12 is a new compound found in the system Pb-V-O, being the first pure
V 4+-lead oxide reported. Its structure and composition relate it to the two dimensional
A2+V4+n O2n+1 vanadates. The structure of Pb2V5O12 consists of layers formed by edge-
and corner-shared square VO5 pyramids. The basic structural units are plaquettes con-
sisting of six corner-shared pyramids with equal direction of the apical V-O vanadyl
bonds which are linked through a common pyramid forming quasi-one-dimensional rib-
bons. These ribbons are linked by common edges on the basal plane of the pyramids
forming layers. This structure contains thus a spin lattice of novel geometry composed of
6-spin plaquettes which has never been reported so far. Moreover, since these plaquettes
are joined forming ribbons the magnetic ground state of this compound might not be
trivial. Unfortunately, no models are available for such a new magnetic lattice an hence
we could not get as much information from our data as we could in the case of the other
materials investigated. Thus we presented only a first characterization of the magnetic
properties of this compound. From the value of θW ≃ 345 ± 40 K at high temperatures
and the broad maximum at around 116 K in χ(T) we concluded that the magnetic lattice
is indeed low dimensional and that the exchange interactions are strong. The magnetic
lattice may behave as one-dimensional when the intra-plaquette interactions along the
ribbons are much stronger than between ribbons or it may also be a rather two dimen-
sional lattice if the interactions between ribbons are comparable to the intra-plaquette
ones. For these reasons we tentatively performed a crude estimation of values for possible
one or two-dimensional interactions, using the temperature at which the maximum oc-
curs in χ(T). We obtained J1D ≃ 181 K (1D chain) or a J2D ≃ 122 K (2D square lattice),
which are relatively strong exchange constants but nevertheless appreciably smaller than
θW . This clearly shows how poor these models are as approximations for this magnetic
lattice.
At around 26 K an antiferromagnetic phase transition was observed as a kink in χ(T)
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and a small anomaly in Cp(T). We did not find evidences for a gap in the ground state as
is the case of CaV2O5 or CaV4O9. Instead, the overall temperature dependence of χ(T)
was similar to that observed in CaV3O7 and SrV3O7. This is reasonable considering the
structural parallelism between these materials. Both kind of structures present a quasi-
one-dimensional arrangement of plaquettes (4-spins plaquettes for A2+V3O7 and 6-spins
plaquettes for Pb2V5O12) which are connected by a common pyramid forming ribbons.
The compounds studied in chapter 6 were found to be experimental examples of frus-
trated square-lattice systems which are described by the J1 − J2 model. This magnetic
model has three ground states depending on the value of the frustration parameter J2/J1
and the sign of the interactions. These ground states are the ferromagnetic, Néel an-
tiferromagnetic, and collinear antiferromagnetic, with phase boundaries at J2/J1 = -∞
(J1 = 0, J2 < 0), 1/2 (both > 0) and -1/2 (J1 < 0, J2 > 0) between ferromagnetic and Néel,
Neél and collinear, and collinear and ferromagnetic states respectively. This model has
received considerable theoretical interest because a disordered state with possible spin-
liquid properties was predicted around the phase transition at J2/J1 = 1/2. In contrast,
early theoretical calculations suggest a first order transition without quantum disordered
phase between the collinear and the ferromagnetic states at J2/J1 = -1/2. This statement
has been questioned by recent theoretical results which indicate that some critical region
may exist around this phase boundary in which strong quantum fluctuations may lead
to some kind of disordered state. Unfortunately, no compounds with a J2/J1 value coin-
ciding with these critical points were found up to now, making the investigation of the
magnetic properties of new compounds possessing such kind of magnetic lattice extremely
interesting.
These compounds have a layered structure with the magnetic ions forming a two-
dimensional square lattice. Li2VOSiO4 and Li2VOGeO4 are isostructural and differ only
by the substitution of Si4+ by Ge4+. They have [VOSi(Ge)O4] magnetic layers separated
by a thin, flat and monoatomic Li layer which do not introduce any distortion in these
layers. Pb2VO(PO4)2, BaZnVO(PO4)2 and SrZnVO(PO4)2 have the same layer structure
but now P5+ substitutes Si4+ or Ge4+. The space between [VOPO4] layers is filled by two
inequivalent A2+ cations and an extra PO4 group (per formula unit) which appreciably
enlarge the distance between magnetic layers and induce a commensurate modulation of
the layers. The magnitude of this modulation directly depends on the chemical composi-
tion of the inter-layer space. We early realize that this dependence has a great potential
as a mechanism for tuning the intra-layer exchange constants and hence the ratio J2/J1.
In this way, via chemical substitution, one can obtain compounds with different degrees
of frustration and thus be able to experimentally explore the rich phase diagram of the
J1 − J2 model.
We observed that the T-dependence of χ(T) and CMagnp (T) of these vanadates fol-
low the typical behaviour for low dimensional systems describing a round maximum at
temperatures of the order of the exchange energies (∼ 10 K). At TN long range antiferro-
magnetic order sets in, being visible as a kink in χ(T) and a peak-like anomaly in the case
of the specific heat (second order transition). Below TN all the compounds presented an
extremely similar behaviour on their specific heats suggesting a similar ordered state in all
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of them. Since it was verified experimentally by Melzi et al., from NMR measurements,
that the ground state of Li2VOSiO4 is the collinear one, then it is likely that in the case
of the other four compounds the ground state would also be the collinear one.
The core of our analysis consisted in fitting the χ(T) of these compounds with the
High Temperature Series Expansion[249] for the J1 − J2 model. From these fits we ob-
tained two possible solutions (a and b) for the values of J1 and J2 (in solution a |J2| > |J1|
while in solution b |J2| < |J1|). This double solution is a general problem of this method.
All solutions a fall in the collinear region since for the Li containing compounds we
found J2/J1 ∼ 11 and 5 for Li2VOSiO4 and Li2VOGeO4 respectively while for our new
compounds we get J2/J1 ∼ -1.82, -1.86 and -1.07 (J1 ferromagnetic) for Pb2VO(PO4)2,
BaZnVO(PO4)2 and SrZnVO(PO4)2 respectively. Instead, all solutions b are well in the
Néel ordered region because now J2/J1 ∼ 0.14 for the Li compounds and -0.41, -0.4 and
-0.74 (J2 ferromagnetic) for Pb2VO(PO4)2, BaZnVO(PO4)2 and SrZnVO(PO4)2 respec-
tively.
In order to uniquely determine the values of J1 and J2, we evaluated the HTSE for
the specific heat with the values of J1 and J2 obtained from the fit of χ(T) and compared
the results for the two solutions with the measured data. We observed that only solution
a nicely coincided with the experimental results for all compounds, while solution b is
not supported by all our results. Solution a corresponds to a weakly frustrated antifer-
romagnetic square lattice in Li2VOSiO4 and Li2VOGeO4, and a more strongly frustrated
ferromagnetic square lattice in the phosphate compounds. These results agree with an
analysis of the values of θW obtained from χ(T). Thus the structural modulation of the
magnetic layers in the phosphates drifts the magnetic interaction J1, from an almost neg-
ligible antiferromagnetic value (close to zero) in Li2VOSiO4 and Li2VOGeO4, towards
ferromagnetic interactions in Pb2VO(PO4)2, BaZnVO(PO4)2 and SrZnVO(PO4)2.
The observation of frustrated ferromagnetic square lattices was the most relevant result
obtained during this investigation, since it is the first time that materials with such a
magnetic lattice are reported. Our analysis also agree very well with the most recent
investigations of the Li2VOSiO4 and Li2VOGeO4 properties, i.e. the LDA calculations
of Rosner et al.[2] for the exchange interactions and the results of the application of the
HTSE of Rosner et al.[2] and Misguich et al.[313] to the experimental data of Melzi et
al.[248]. Our conclusions were also supported by the comparison of our data with the
most recent finite-size calculations presented in the work of Shannon et al.[1].
In chapter 7 we studied the magnetic properties of three low-dimensional, S = 1/2,
vanadium compounds, namely Sr2V3O9, Sr2VO(PO4)2 and Ba2V3O9. The first two, de-
spite the substitution of V5+ for P5+, are isostructural while Ba2V3O9 has a completely
different structure. As a difference with the previously studied compounds these materials
share the same slightly distorted octahedral coordination of V4+ in which a vanadyl bond
is present. The precise determination of the orientation of the vanadyl bonds is crucial
for understanding the magnetic properties of these materials. This bond determines the
actual position of the occupied dxy orbital in the V4+ ion and thus the spatial direc-
tions along which the exchange interactions take place. In the isostructural Sr2V3O9 and
Sr2VO(PO4)2, corner-linked octahedra form one dimensional chains which are joined by
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V5+ tetrahedra forming layers separated by Sr ions. Instead, in Ba2V3O9 the octahedra
are linked by edge forming isolated rutile-like chains separated by Ba ions. Therefore,
the Sr2V3O9 and Sr2VO(PO4)2 structures are two-dimensional whereas the Ba2V3O9 one
is clearly one-dimensional. In Sr2V3O9 and Sr2VO(PO4)2 the vanadyl bonds are placed
along the chain, all pointing in the same sense in a given chain but the relative ordering
from chain to chain was less clear. At least two possible cases exist, either parallel (called
F for ferro-like) or pointing in opposite directions (AF or antiferro-like) in neighboring
octahedra chains. In Ba2V3O9 the vanadyl bonds are formed with one specific oxygen
ion in the edge shared between neighboring octahedra, forming a zig-zag arrangement.
In a particular chain all the vanadyl bond should also point in the same direction. But
due to the weak connection among chains no correlation in the direction of the vanadyl
bonds from chain to chain was expected. From these structural considerations a sizeable
superexchange interaction was expected along the chains in Ba2V3O9, while in the case
of Sr2V3O9 and Sr2VO(PO4)2 the interactions along the structural chains were expected
to be weaker in comparison to the interactions along the tetrahedra joining the chains
forming the layers. In this way, magnetic chains perpendicular to the structural ones
would result. These early predictions based on structural properties were also confirmed
by ab-initio LDA calculations for Sr2V3O9 and Ba2V3O9 performed by H. Rosner[322].
We studied the magnetic properties of these three compounds by χ(T) and Cp(T)
measurements on polycrystalline samples and, only in the case of Sr2V3O9 also on single
crystals. For Sr2V3O9 ESR measurements on single crystals were performed in order to
complement our thermodynamic measurements. From these results we concluded that
Ba2V3O9 is a good one-dimensional-chain magnetic system whereas Sr2V3O9 behaves as
a quasi-one-dimensional magnetic lattice and Sr2VO(PO4)2 as a quasi-two-dimensional
one. The most remarkable magnetic property found in Sr2V3O9 and Ba2V3O9 was the
existence of a Curie-Weiss like contribution to χ(T) which was identified as an intrinsic
phenomenon. Moreover, ESR measurements in Sr2V3O9 gave strong evidence that this
upturn was an effect of antisymmetric Dzyaloshinkii-Moriya interactions.
The χ(T) of Sr2V3O9 and Ba2V3O9 were extremely well fitted with a model for the
one-dimensional Heisenberg chain plus an extra Curie-Weiss contribution that we called
Low-Temperature Curie-Weiss Upturn (LT-CWU). From the 1D model we got intrachain
exchange interactions J1 of about 82 K and 95 K for Sr2V3O9 and Ba2V3O9, respectively.
Since Sr2V3O9 orders antiferromagnetically at TN = 5.3 K a rough estimation of an average
interaction perpendicular to the chains was performed leading to J⊥≃ 1.9 K, which is
appreciably smaller than J1. Therefore, Sr2V3O9 could be safely considered as a quasi-
one-dimensional magnetic system. This conclusion was reinforced by the results from
specific heat measurements. The Sr2V3O9 specific heat data showed above TN a magnetic
contribution proportional to T with a proportionality coefficient in perfect quantitative
agreement with that expected for a magnetic chain with J1 ∼ 82 K. The specific heat
of Ba2V3O9 was also found to be in perfect agreement with the interpretation of the
susceptibility results, both qualitatively and quantitatively. The lack of any anomaly
in the Cp(T) of Ba2V3O9 down to 0.5 K indicates the absence of any magnetic phase
transition towards a long-range ordered state, as predicted for a pure one-dimensional
Heisenberg chain.
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The absence of low temperature upturn in χ(T) below TN in Sr2V3O9 and in Cp(T) in
both compounds, as well as the effect of different preparation condition on the LT-CWU
gave strong evidence that it is intrinsic and not due to isolated paramagnetic defects.
We therefore tentatively attributed it to the effect of DM-interactions, which should be
present in these compounds because of their low crystal symmetry. This question could
be studied in more detail in Sr2V3O9 using ESR measurements on single crystals. These
results confirmed the existence of DM interactions and further on evidenced a non stag-
gered component of the DM-vector, in addition to the staggered one. This non-staggered
component imply a Ferro-like order of the vanadyl bonds, which was latter on confirmed
by other researchers by means of single crystal X-ray and electron diffraction measure-
ments. However, while the T-dependence of the LT-CWU is compatible with being due
to a DM-interaction, its observed magnitude is much larger than expected from theory, a
discrepancy which has however been also repeated for other compounds. Thus the origin
of this LT-CWU is presently not settled.
An intriguing result was the observation that in the Sr2V3O9 samples annealed several
times, both the magnitude of this LT-CWU and the magnetic ordering temperature TN
increases simultaneously with an excellent linear correlation between TN and the µeff
of this LT-CWU. We tentatively proposed that the annealing lead to a slight removal of
oxygen and thus to a partial substitution of V4+ by V3+, which is expected to increase
the three-dimensional coupling between the chains, and thus TN .
In Sr2VO(PO4)2 the maximum in χ(T) at 4.8 K already point to much weaker magnetic
interactions. A detailed analysis of the susceptibility evidence a more two-dimensional
magnetic lattice with one dominant antiferromagnetic exchange and a second, slightly
weaker, ferromagnetic exchange. We suspect the latter one to correspond to the ex-
change along the structural chains, and the former one to correspond to the exchange
across the tetrahedra linking adjacent structural chains, which is the path of the strong
antiferromagnetic exchange interaction observed in Sr2V3O9. Thus replacing V5+ in the
tetrahedra by P5+ has minor effects in the structure but lead to very strong changes in the
magnetic interactions, which deserve further theoretical studies. Both the susceptibility
and the specific heat show that Sr2VO(PO4)2 orders antiferromagnetically at TN = 2.6 K.
From the behaviour of χ(T) below TN for different fields we inferred that an anisotropy
of the easy axis type may exists in Sr2VO(PO4)2, since the temperature dependence of
χ(T) in this temperature range was extremely similar to that observed in polycrystalline
Pb2VO(PO4)2. Therefore a metamagnetic transition may also occurs in Sr2VO(PO4)2 at
around H = 1 Tesla as was observed in Pb2VO(PO4)2.
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A Appendix
Summary of chemical reactions
A.1 Main compounds
1. MgVO3:
MgO + V O2
900 ◦CGGGGGGGGGGA
24 h
MgV O3
2. Sr2V3O9:
Sr2V2O7 + V O2
900 ◦CGGGGGGGGGGA
24 h
Sr2V3O9
3. Ba2V3O9:
Ba2V2O7 + V O2
900 ◦CGGGGGGGGGGA
24 h
Ba2V3O9
4. Pb2V3O9:
Pb2V2O7 + V O2
650 ◦CGGGGGGGGGGA
24 h
Pb2V3O9
5. Pb2V5O12:
Pb2V2O7 + V O2 + V2O3
650 ◦CGGGGGGGGGGA
24 h
Pb2V5O12 (A.1)
2 PbO + 5 V O2
650 ◦CGGGGGGGGGGA
24 h
Pb2V5O12 (A.2)
6. Sr2VO(PO4)2:
Sr2P2O7 + V O2
950 ◦CGGGGGGGGGGA
24 h
Sr2V O(PO4)2
7. Sr2VO(VO4)(PO4)
Sr2V2O7 + Sr2P2O7 + 2 V O2
900 ◦CGGGGGGGGGGA
24 h
2 Sr2V O(V O4)(PO4)
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A.2 Precursors
8. Pb2VO(PO4)2:
Pb2P2O7 + V O2
675 ◦CGGGGGGGGGGA
24 h
Pb2V O(PO4)2
9. BaZnVO(PO4)2:
BaZnP2O7 + V O2
850 ◦CGGGGGGGGGGA
24 h
BaZnV O(PO4)2
10. SrZnVO(PO4)2:
SrZnP2O7 + V O2
850 ◦CGGGGGGGGGGA
24 h
SrZnV O(PO4)2
11. Li2VOSiO4:
Li2SiO3 + V O2
800 ◦CGGGGGGGGGGA
24 h
Li2V O(SiO4)
12. Li2VOGeO4:
Li2GeO3 + V O2
800 ◦CGGGGGGGGGGA
24 h
Li2V O(GeO4)
13. Na2SrV3O9:
Sr2V2O7 + Na4V2O7 + 2 V O2
650 ◦CGGGGGGGGGGA
48 h
2 Na2SrV3O9 (A.3)
2 NaV O3 + SrCO3 + V O2
850 ◦CGGGGGGGGGGA
12 h
Na2SrV3O9 + CO2 (A.4)
A.2 Precursors
1. Sr2V2O7:
2 SrCO3 + V2O5
900 ◦CGGGGGGGGGGA
24 h
Sr2V2O7 + 2 CO2
2. Ba2V2O7:
2 BaCO3 + V2O5
900 ◦CGGGGGGGGGGA
24 h
Ba2V2O7 + 2 CO2
3. Pb2V2O7:
2 PbO + V2O5
650 ◦CGGGGGGGGGGA
24 h
Pb2V2O7 + 2 CO2
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A Appendix: Summary of chemical reactions
4. Sr2P2O7:
2 SrCO3 + 2 (NH4)H2PO4
800 ◦CGGGGGGGGGGA
10 h
Sr2P2O7 + 2 NH3 + 3 H2O + 2 CO2
5. Pb2P2O7:
2 PbO + 2 (NH4)H2PO4
750 ◦CGGGGGGGGGGA
12 h
Pb2P2O7 + 2 NH3 + 3 H2O
6. BaZnP2O7:
BaCO3 + ZnO + 2 (NH4)H2PO4
800 ◦CGGGGGGGGGGA
10 h
BaZnP2O7 + 2 NH3 + 3 H2O + CO2
7. SrZnP2O7:
SrCO3 + ZnO + 2 (NH4)H2PO4
800 ◦CGGGGGGGGGGA
10 h
SrZnP2O7 + 2 NH3 + 3 H2O + CO2
8. Li2SiO3:
Li2CO3 + SiO2
750 ◦CGGGGGGGGGGA
24 h
Li2SiO3 + CO2
9. Li2GeO3:
Li2CO3 + GeO2
750 ◦CGGGGGGGGGGA
24 h
Li2GeO3 + CO2
10. NaVO3:
Na2CO3 + V2O5
550 ◦CGGGGGGGGGGA
12 h
2 NaV O3
A.3 Attempts in the the Na–Mg–V–O system
1. NaMgVO3
NaV O3 + Mg
700 ◦CGGGGGGGGGGA
6 h
NaMgV O3
2. NaMgV2O6
NaV O3 + MgV O3
650 ◦CGGGGGGGGGGA
15 h
NaMgV2O6
3. Na2MgV3O9
2 NaV O3 + MgV O3
650 ◦CGGGGGGGGGGA
15 h
Na2MgV3O9
216
A.3 Attempts in the the Na–Mg–V–O system
4. NaMg2V3O9
NaV O3 + 2 MgV O3
650 ◦CGGGGGGGGGGA
15 h
NaMg2V3O9
5. Na3Mg4V6O19
3 NaV O3 + 3 MgV O3 + MgO
650 ◦CGGGGGGGGGGA
15 h
Na3Mg4V6O19
6. NaMg2V4O12
NaV O3 + MgV O3 + MgO + V2O5
650 ◦CGGGGGGGGGGA
15 h
NaMg2V4O12
7. NaMg2V4O11
NaV O3 + 2 MgV O3 + V O2
650 ◦CGGGGGGGGGGA
15 h
NaMg2V4O11
8. NaMg2V4O10
NaV O3 + 2 MgO + V2O3 + V O2
650 ◦CGGGGGGGGGGA
24 h
NaMg2V4O10
9. NaMg2V4O9.5
NaV O3 + 2 MgO +
3
2
V2O3
650 ◦CGGGGGGGGGGA
24 h
NaMg2V4O9.5
10. NaMg2V4O10.5
NaV O3 + 2 MgO +
1
2
V2O3 + 2 V O2
650 ◦CGGGGGGGGGGA
24 h
NaMg2V4O10.5
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